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ABSTRACT 
 Perturbing sensory feedback during speech is an often-used approach to 
characterizing feedback control mechanisms in speech and voice production. Auditory 
and somatosensory feedback are both engaged to correct perceived voice errors, but to 
date the role of somatosensory feedback control in voice remains unclear.  Previous 
studies of somatosensory contributions to vocal control have involved mechanically 
displacing the larynx while observing compensatory responses in fundamental frequency 
(fo). These responses likely reflect a combination of auditory and somatosensory control 
processes, as sensory information was available in both domains.  
To isolate the individual contribution of each feedback controller, a laryngeal 
perturbation experiment was conducted with and without auditory feedback masking. 
Responses to the laryngeal perturbation experiment were compared to responses in an 
auditory perturbation experiment and in relation to a measure of auditory acuity. In the 
laryngeal perturbation experiment with auditory masking, the results indicated that 
participants compensated for the perturbation, suggesting that even when auditory 
feedback is unavailable, somatosensory feedback plays a role in correcting for errors. 
When auditory masking was removed, the level of compensation increased, supporting 
  vii 
the idea that both sensory modalities are involved in correcting for errors when available. 
In the auditory perturbation experiment, participants compensated for the perturbation (a 
100-cent downward shift in fo), but the amount of compensation was less than in the 
laryngeal perturbation experiment. This reduced compensation may be explained by the 
auditory and somatosensory feedback controllers working against each other. No 
relationship was found between participants’ compensations to the laryngeal and auditory 
perturbations, suggesting a lack of sensory preference across participants. Further, no 
relationships were found between auditory acuity and the level of compensation to the 
auditory perturbation, or auditory acuity and the contribution of auditory feedback to 
compensations in the laryngeal perturbation experiment. While models of speech motor 
control suggest that those with better sensory acuity should show greater compensation, 
our findings do not support this theory. 
This dissertation helps to elucidate the roles of auditory and somatosensory 
feedback in vocal motor control and lays the groundwork for future studies of vocal 
motor control mechanisms in populations with voice disorders.     
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CHAPTER 1: INTRODUCTION 
Voice is an important human trait that is as individual as a person’s name. 
Through the medium of voice, humans communicate their thoughts, ideas, and emotions. 
Careful manipulations in vocal pitch, loudness, and duration give rise to nuanced 
differences in the conveyed meaning of an utterance (Guenther, 2016). Take, for 
example, a rising versus falling pitch at the end of sentence to indicate a question versus a 
statement. For roughly one third of the workforce, voice is also central to their 
professions and how they make a living (e.g., teachers, lawyers, opera singers; Vilkman, 
2000).  
Across the American population it’s estimated that around 3-9% of individuals 
suffer from a voice disorder (Ramig & Verdolini, 1998), which can be extremely 
disruptive to their lives (Roy, Merrill, Thibeault, Gray, & Smith, 2004; Smith, Gray, 
Dove, Kirchner, & Heras, 1997). As with any disorder, the ability to effectively diagnose 
and treat a voice disorder is affected by our understanding of the mechanisms of a healthy 
voice and which of those mechanisms are disrupted in the disorders. Treatment for these 
disorders will remain inefficient or invasive (Colton, Casper, & Leonard, 2006; Ludlow, 
2009; Tanner et al., 2011) without a comprehensive understanding of the biomechanical 
and neurological aspects of vocal control. The overarching goal of my doctoral work is to 
better elucidate the processes involved in vocal motor control in healthy speakers. 
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Voice Production 
The Larynx 
Voice production is one of the many roles of the larynx, a structure of the neck 
consisting mostly of cartilages and muscles, which couples the trachea and pharynx 
(Hixon, Weismer, & Hoit, 2009). The larynx also acts to protect the airway and to 
contain pulmonary air supply (Hixon et al., 2009). The basic framework of the larynx 
consists of: the cricoid cartilage, the thyroid cartilage, the epiglottis, and the arytenoid 
cartilages, which provide support and contribute to regulation of the state of the vocal 
folds (Hixon et al., 2009). The cricoid cartilage forms the base of the larynx, separating 
the larynx from the trachea. The thyroid cartilage sits above the cricoid and articulates 
with the cricoid at the thyrocricoid joints (Hixon et al., 2009). These joints allow for 
translation and rotational movement of these cartilages. The epiglottis is a cartilage that 
sits behind the hyoid bone, and closes off the larynx from the pharynx when food is being 
ingested into the esophagus. The arytenoid cartilages reside atop the cricoid cartilage and 
are responsible for bringing the vocal folds into position for voicing. The vocal folds 
themselves are a pair of shelf-shaped, layered tissues, each of which extends from the 
midline of the thyroid cartilage to the arytenoid on the same side. The vocal folds are able 
to come together to meet along their long edge, or be brought apart. (Hixon et al., 2009). 
The glottis is the area between the vocal folds and when open, air is allowed to pass 
between the trachea and larynx. The glottis is considered the start of the vocal tract.  
During normal breathing, the vocal folds are separated from each other in a 
process called abduction. When the vocal folds are brought together through a process 
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called adduction, which closes the glottis (Hixon et al., 2009). As a result, pressure 
increases below the glottis, by action of the diaphragm and other structures of the torso. 
Depending on the amount by which the vocal folds are adducted, the buildup of 
subglottal pressure pushes air past the flexible seal of the compressed vocal folds. This 
momentary separation of the vocal folds creates a drop in the subglottal pressure, which 
brings the vocal folds together again. This rhythmic undulation of the vocal folds, 
creating bursts of air, becomes the source of voice production (Hixon et al., 2009). The 
average rate at which the vocal folds vibrate can be measured as the fundamental 
frequency (fo) of the speaker. Fundamental frequency, along with influences from the 
vocal tract, is perceived by the speaker as pitch, which provides intonation and context to 
running speech (Hixon et al., 2009). The act of raising and lowering one’s pitch is 
generally associated with increasing and decreasing fo, respectively (Hixon et al., 2009). 
One of the primary mechanisms for adjusting fo is by adjusting the stiffness of the vocal 
folds (Hixon et al., 2009).  Loose, thicker vocal folds produce a lower fo (low pitch), and 
tight, thinner vocal folds produce a higher fo (high pitch).  
The stiffness of the vocal folds is controlled by actions of the intrinsic and 
extrinsic muscles. The intrinsic muscles primarily adjust the distances between the 
cartilages mentioned above, while the extrinsic muscles adjust the position of the larynx 
within the neck (Hixon et al., 2009). Previous work that investigated the mechanisms 
involved with control of fo (Loucks, Poletto, Saxon, & Ludlow, 2005) considered three 
such muscles, the thyroarytenoid (TA, intrinsic), cricothyroid (CT, intrinsic), and 
sternothyroid (ST, extrinsic).  
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The TA muscle makes up the majority of the vocal folds themselves. The TA 
muscle is situated between the medial inner wall of the thyroid cartilage, and the 
arytenoid cartilage for a given side. Tensing the TA has the effect of increasing the 
distance between the arytenoids and the thyroid cartilages and increasing the tension of 
the vocal folds (increased fo) (Hixon et al., 2009).  The CT muscle stretches from the 
front and outer sides of the anterior arch of the cricoid cartilage to the inferior lamina of 
the thyroid cartilage (Hixon et al., 2009). When the CT muscle is tensed, the distance 
between the upper border of the cricoid cartilage and the lower border of the thyroid 
cartilage is decreased by means of a rotation about the cricothyroid joint. Since the TA 
muscle is affixed to the front wall of the thyroid, this action has the effect of stiffening 
the TA and, as a result the vocal folds, thereby increasing fo (Hixon et al., 2009). Finally, 
the ST is an extrinsic strap muscle which originates at the superior and posterior surface 
of the sternum and the first costal cartilage (Hixon et al., 2009). The other end of the ST 
is attached to the external surface of the thyroid cartilage. When this muscle contracts, it 
pulls the thyroid cartilage forward and downward, which has the effect of increasing the 
distance between the anterior wall of the thyroid cartilage and the arytenoids, thereby 
increasing fo (Hixon et al., 2009; Zemlin, 1998). 
Neurological Innervation and Somatosensation 
The intrinsic muscles of the larynx receive their innervation primarily from 
cranial nerve X (vagus), which is critical for vocal fold function (Hixon et al., 2009; 
Zemlin, 1998). The recurrent laryngeal branch of cranial nerve X innervates the TA 
muscle and most other intrinsic muscles, except for the CT muscle, which is innervated 
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by the superior laryngeal branch (Hixon et al., 2009). While its agreed that cranial nerve 
X is responsible for the motor supply for these muscles, there is still debate on which 
pathway relays the sensory information (Hixon et al., 2009). The mucosa of the 
supraglottal region is embedded with mechanoreceptors which respond to protect the 
airway (Hammer, 2009; Jürgens, 2002). These mechanoreceptors have been shown to 
send sensory information through the superior laryngeal branch (Bradley, 2000; Jürgens, 
2002). In addition, muscles spindles, elements of muscles which detect changes in length, 
have been found in parts of the TA and CT muscles (Jürgens, 2002; Sanders, Han, Wang, 
& Biller, 1998).   
The extrinsic muscles of the larynx receive innervation from a variety of sources 
including cranial nerve X, XI and XII, as well as cervical nerves C1, C2 and C3 (Hixon et 
al., 2009). Muscles spindles have been found in the extrinsic muscles (Brandon et al., 
2003; Jakubowicz, Radziemski, & Kedzia, 1992), although reflex responses have not 
been reported (Loucks et al., 2005).   
Beyond understanding the physiology of the larynx, it is important to understand 
the neural control processes involved in moving these structures to control fo since 
impaired performance of this neural controller is responsible for a number of voice 
disorders. To begin this process, we need a detailed understanding of how this neural 
control system works in healthy, non-disordered voice production. To this end, we have 
developed computational models of these interactions for healthy vocal motor control. 
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Vocal Motor Control 
The DIVA Model 
The study of motor control aims to define the control system involved with 
healthy motor actions and outline the interactions that cause disruptions to these actions. 
The study of complex motor systems benefit from the creation of computational models, 
which aim to relate chaotic behavioral outcomes to the precise motor commands that 
produced them.  One such model of speech motor control is the directions into velocities 
of articulators (DIVA) model (Guenther, 2016), which is an adaptive neural network 
combining three main components: feedforward control, auditory feedback control, and 
somatosensory feedback control. Figure 1.1 is a simplified version of the control scheme 
utilized in this model. The Speech Sound Map represents the stored motor programs for 
the speech sound units (e.g., phonemes and syllables) of the speaker’s language. When 
speech is initiated, the learned motor, auditory and somatosensory target states are sent to 
the feedforward controller, auditory feedback controller, and somatosensory feedback 
controller, respectively. The feedforward controller sends motor signals to the muscles of 
the vocal tract in order produce the actual speech as an audio output. These signals are 
read directly from memory with no reliance on sensory feedback. The resulting sound 
output is heard as auditory feedback, and this feedback is compared to the auditory target 
for the current sound. At the same time, somatosensory feedback concerning the positions 
of the articulators, lengths of vocal tract muscles, articulatory contact patterns, and vocal 
fold vibrations is compared against the somatosensory target for the current sound by the 
somatosensory feedback controller. If the current auditory or somatosensory feedback 
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states are different from the target, then the motor commands to the vocal tract are 
adjusted in order to improve the audio output.  
 
The DIVA model was developed as a model specifically for speech motor control, 
and indeed many of its processes focus on the velocity of the non-laryngeal articulators to 
produce complex phonemes (Guenther, 2016). Although DIVA includes fo as a controlled 
parameter of the acoustic signal, the model utilizes a highly abstracted treatment of the 
musculature of the larynx, as do other current speech motor control models including the 
State Feedback Control (SFC) model (Houde & Chang, 2015; Houde & Nagarajan, 2011) 
and Feedback-Aware Control of Tasks in Speech (FACTS) model (Parrell, Lammert, 
Ciccarelli, & Quatieri, 2019; Parrell, Ramanarayanan, Nagarajan, & Houde, 2018). More 
detailed models of laryngeal control exist (Story & Titze, 1995; Titze, Jiang, & Drucker, 
1988); however these models do not address both somatosensory and auditory aspects of 
speech independently. Because our focus is on higher-level control of fo (including both 
auditory and somatosensory components) and we are not directly measuring muscle 
activity, we will utilize the DIVA model framework for guiding our studies and 
interpreting the experimental results.   
 
Figure 1.1: Simplified version of the DIVA model control scheme. See text for details. 
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Perturbations of Auditory Feedback 
To observe the role that the feedback controllers play in adjusting the vocal 
output, many experiments have endeavored to record participant audio output when the 
feedback state is altered in a controlled and measurable way. The alterations are applied 
by unpredictably perturbing a speaker’s sensory feedback and comparing the subsequent 
response to control trials without perturbations. Classically, fo has been artificially shifted 
in auditory feedback (by a computer and played through headphones) to participants 
during a voicing task. This unexpected artificial shift in perceived fo elicits a 
compensatory response to oppose the change so that the speaker’s auditory feedback 
more closely matches the intended target (Burnett, Freedland, Larson, & Hain, 1998; 
Burnett, Senner, & Larson, 1997; Larson, Burnett, Kiran, & Hain, 2000).  
Responses to auditory feedback perturbations rarely result in complete 
compensation, with participants typically compensating for 15-50% of the perturbation 
magnitude. (Bauer & Larson, 2003; Larson et al., 2000; Liu & Larson, 2007). The DIVA 
model predicts that this incomplete compensation is due to the somatosensory feedback 
controller counteracting the compensatory behavior of the auditory feedback controller. 
Consider a scenario in which the auditory feedback controller detects that fo is less than 
the intended target. This state will cause the controller to send corrective commands to 
the vocal tract to increase fo. However, as fo increases, the somatosensory feedback 
controller will detect the adjusted configuration of the larynx as an error and will engage 
its own correction. The somatosensory feedback controller will send motor commands to 
lower the speaker’s fo, thereby partially counteracting the compensatory adjustments 
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made by the auditory feedback controller. Therefore, results from these auditory 
perturbation studies reflect a combination of competing auditory and somatosensory 
feedback control mechanisms. A major aim of the current dissertation is to investigate 
this interaction between the auditory and somatosensory feedback controllers during the 
correction of perturbations during sustained vocalizations. 
 Figure 1.2 schematizes the proposed time courses of auditory and somatosensory 
feedback controller responses to an auditory perturbation during a sustained vocal 
production. The solid black line indicates the value of fo expected during an unperturbed 
trial. The dotted black line indicates the onset of a fo perturbation at time = 0 ms that 
artificially decreases the fo of the participant’s auditory feedback as heard through 
earphones. Roughly 100 ms after the onset of the perturbation, the auditory feedback 
controller engages (dashed green line) by increasing fo. Since the auditory perturbation 
does not affect somatosensory feedback of the true fo, the somatosensory feedback 
controller will detect an error the size of the auditory feedback controller’s contribution, 
and approximately 50 ms later the somatosensory feedback controller will generate a 
corrective command that decreases fo (purple dashed line), thereby counteracting the 
compensatory upward fo response of the auditory feedback controller.  
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Mechanical Perturbation of the Larynx 
While auditory perturbations artificially shifting fo have been the focus of many 
prior studies, somatosensory perturbations of the larynx have only been utilized in two 
prior studies to our knowledge (Loucks et al., 2005; Sapir, Baker, Larson, & Ramig, 
2000). In these studies, somatosensory feedback mechanisms were investigated during 
sustained vowel production by applying a mechanical and external displacement to the 
larynx (which will be referred to as laryngeal perturbations throughout). Specifically, a 
servomotor probe was used to unexpectedly apply a 1.4 N force against the thyroid 
prominence for a time of 250 or 500 ms during a vocalization task while the authors 
observed both the vocal and electromyography (EMG) responses. When the perturbation 
 
Figure 1.2: Schematic representing the hypothetical time course of contributions from the auditory 
and somatosensory feedback controllers at the onset of an auditory perturbation trial. 
Compensation for the perturbation by the auditory feedback controller (starting at 100 ms) is 
counteracted by a response from the somatosensory feedback controller approximately 50 ms 
later. See text for further details. 
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was applied, fo rapidly decreased (stimulus response) and then gradually increased 
towards the speaker’s baseline fo (compensatory response). In comparison to the auditory 
perturbation paradigm, compensation was closer to complete (66–75%) in response to 
these laryngeal perturbations. One possible reason for the greater compensation was that 
the changes in fo were audible to the participant. The perturbation was both felt and 
heard, engaging both of the feedback controllers in the same direction. Figure 1.3 is a 
schematic representation of the time course of these feedback controller responses to a 
laryngeal perturbation during a sustained vocal production (with auditory feedback 
available). The solid black line indicates the value of fo expected during an unperturbed 
trial. The dotted black line indicates the onset of a laryngeal perturbation at time = 0 ms 
that slackens the vocal folds and causes fo to decrease. Roughly 50ms after the onset of 
the perturbation, the somatosensory feedback correction (dotted purple line) engages by 
increasing fo. Roughly 100 ms after perturbation onset, the auditory feedback correction 
(dotted green line) engages to increase fo. Since both feedback controllers are engaged to 
correct for the perturbation, it is important to dissociate the roles of these two feedback 
control subsystems in correcting for mechanical perturbations of the larynx. The studies 
outlined in this thesis will aim to address this confound, by applying auditory masking 
during experiments perturbing the larynx. 
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In the previous studies aiming to study this effect, they also measured EMG 
response to observe muscle activation in response to the perturbation (Loucks et al., 
2005; Sapir et al., 2000). For Locks et al. they used hooked-wire EMG to measure from 
the TA, CT, and ST during the laryngeal perturbation. As the perturbation was applied, 
they measured a rapid decrease in fo followed by an increase towards, but not quite 
reaching baseline. During this increase period, they did not measure any muscle 
activation in the TA or CT muscles (Loucks et al., 2005). They did however measure 
activation of the ST muscle at perturbation onset, delayed from the actual perturbation 
onset time. The researchers did not measure a significant correlation between the ST 
 
Figure 1.3: Schematic representing the hypothetical time course of contributions from the auditory 
and somatosensory feedback controllers at the onset of a laryngeal perturbation trial. Compensation 
for the perturbation by the somatosensory feedback controller (starting at 50 ms) is assisted by a 
response from the auditory feedback controller approximately 50 ms later. See text for further 
details. 
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EMG response and the magnitude or latency of the fo increase, but they left open the 
possibility that the ST response could be a reflex to changes in laryngeal height, which 
are present during fo changes.  
Feedback Controller Interactions 
One previous study examined the potential interaction between the two feedback 
controllers by providing auditory and somatosensory perturbations to the same group of 
speakers (Lametti, Nasir, & Ostry, 2012). Lametti, et al., 2012 conducted a study where 
participants completed blocks of a word production task, during which their feedback 
was artificially shifted through auditory feedback (formant shifts heard in earphones), 
somatosensory feedback (mechanical displacement of the jaw), or combinations of the 
two. The results showed that participants responded strongly to one feedback perturbation 
modality, while simultaneously responding less strongly to the other. The authors 
interpreted this finding as evidence for a sensory modality preference within individuals.  
This experiment differed in two key ways from the current study: it involved articulatory 
rather than vocal perturbations, and the perturbations were sustained, predicable 
perturbations designed to elicit sensorimotor adaptation. The current study tests whether 
individuals will also show a preference for a feedback modality in the context of 
unexpected perturbations to vocal acoustics and the larynx. 
Current Experiments 
The experiments in this dissertation were designed to address the gaps in 
knowledge surrounding the roles of auditory and somatosensory feedback control 
mechanisms in vocalization by dissociating the contributions of these two subsystems to 
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fo control during sustained vowels produced under auditory or somatosensory 
perturbations. A key component of this research is the isolation of somatosensory 
feedback control mechanisms by measuring vocal responses to laryngeal perturbations 
while masking auditory feedback. Chapter 2 describes a preliminary experiment 
investigating the use of bone-conducted noise in addition to air-conducted noise to mask 
the voice signal during a laryngeal perturbation. The results indicated a possible small 
improvement in masking in the bone-conducted condition, though this difference was not 
statistically significant. Chapter 3 describes the main experiment, which involved both 
auditory and somatosensory feedback perturbations of fo, with the latter performed both 
with and without auditory masking. Each participant’s auditory acuity to changes in fo 
was also assessed to investigate possible relationships between acuity and compensatory 
responses. The primary hypotheses tested in this study, which are based on DIVA and 
similar models, were:  
(1) Compensatory responses to a somatosensory perturbation of fo will be larger 
than responses to an auditory perturbation of fo since auditory and 
somatosensory feedback controllers will be cooperating in the former case and 
competing in the latter. 
(2) Compensatory responses to a laryngeal perturbation under auditory masking 
noise will be smaller than when auditory feedback of fo is available, since in 
the latter case both auditory and somatosensory feedback control mechanisms 
will be acting to correct the perceived fo error. 
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(3) A participant’s auditory acuity will be correlated with the size of their 
compensation to an auditory perturbation, as well as to the size of the increase 
in compensation to the laryngeal perturbation when auditory feedback is 
available. 
The final chapter (Chapter 4) provides concluding remarks on the major 
contributions of the doctoral work to the field and considers implications for future 
research.
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CHAPTER 2: EFFECT OF MASKING AUDITORY FEEDBACK DURING 
SOMATOSENSORY FEEDBACK PERTURBATION EXPERIMENTS 
Introduction 
 Computational models provide a detailed account of the neural mechanisms 
underlying speech motor control and can provide a framework to empirically study 
aspects of vocalization. One such model, the DIVA model of speech production 
(Guenther, 2016; Guenther, Ghosh, & Tourville, 2006) is an adaptive neural network that 
defines the cortical and sub-cortical regions responsible for dynamic motor control. The 
DIVA model specifies three main components of speech motor control, namely, 
feedforward control, auditory feedback control, and somatosensory feedback control.  
According to the DIVA model, vocalization starts with the readout of a set of 
learned motor targets that are sent to the three controllers. The feedforward controller 
compares the motor target to the current state of articulators and generates a time-series 
of articulator velocities to move the articulators to produce the acoustic signal for the 
vocalization. As the vocalization occurs, the auditory feedback controller compares the 
motor target to auditory feedback and, if an error is detected, sends a corrective command 
to the feedforward controller. Similarly, the somatosensory feedback controller compares 
the motor target to the current position of the speech articulators and larynx, and sends 
corrective commands if the configuration deviates from the motor target. Despite the 
central role somatosensory feedback is considered to play in speech motor control (Ghosh 
et al., 2010; Guenther, 2016), its role in vocalization has not been examined 
comprehensively. 
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One method of probing the role of feedback during vocalization is to perturb a 
speaker’s feedback and observe the subsequent changes in voice output. Classically, 
auditory feedback has been perturbed by shifting the fundamental frequency (fo) of a 
participant’s voice in a pair of headphones, as played back to them in near real-time via a 
digital signal processing system or computer (e.g. Audapter; Cai, Boucek, Ghosh, 
Guenther, & Perkell, 2008). This artificial shift in their perceived fo elicits a 
compensatory response to oppose the change so that their auditory feedback more closely 
matches the intended target (Burnett et al., 1998, 1997; Larson et al., 2000).  
To the best of our knowledge, only two experiments to date have examined fo 
responses to perturbations in the somatosensory domain (Loucks et al., 2005; Sapir et al., 
2000). In both of these studies, investigators used laryngeal perturbations to examine 
somatosensory feedback mechanisms during sustained vowel production. Sapir and 
colleagues (2000) applied an external mechanical displacement of the larynx with a 
robotic arm while participants (all male) vocalized a sustained /u/ (at a target fo of 
180Hz). Much of this study’s motivation was to measure muscle activation (using surface 
electromyography (EMG)) in response to the stimulus to identify which muscles were 
most involved with compensations to changes in fo. When the arm externally pushed 
posteriorly on the laryngeal prominence, the fo of the participant rapidly decreased 
(stimulus response) and then gradually increased towards their baseline fo (compensatory 
response). Loucks and colleagues (2005) aimed to replicate and improve on these 
methods, primarily to more rigorously investigate muscle activation using hooked wire 
EMG methods. In both of these studies, the change in fo was audible to the participant 
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and, therefore, the compensatory response to the laryngeal perturbation was likely a 
combination of what was felt (somatosensory feedback), as well as what was heard 
(auditory feedback) - making it difficult to dissociate the roles of these two feedback 
systems. To better understand the whole model of voice motor control, it is vital that we 
isolate the contribution of somatosensory feedback during laryngeal perturbation 
experiments by actively masking auditory feedback (e.g., by playing loud white noise 
during vocalization).  
During vocalization, speakers hear their voice through two pathways: (1) air 
conduction pathway, where sound exits the mouth and is transmitted to the cochlea via 
the ear-canal, the tympanic membrane, and the middle ear ossicles; and (2) bone 
conduction pathway, where vibrations in the skull bones stimulate the cochlea. Once at 
the cochlea, mechanical vibrations from both pathways are converted into neural 
impulses, which travel along the auditory nerve and eventually to the auditory cortex. A 
small number of studies have attempted to quantify the relative contribution each 
pathway provides to the perception of one’s own voice. Békésy (1949) compared the 
loudness of vocalization with and without the air-conducted component (i.e., with ears 
plugged but controlling for the occlusion effect) and showed similar contribution of air 
and bone conduction hearing. Békésy also observed that sounds requiring a smaller 
mouth opening have higher intra-oral sound pressure, which increased the vibration of 
the mandible and subsequently the loudness of the sound perceived by bone conduction. 
The idea that the air:bone ratio in perceiving one’s own voice may vary by sound was 
later supported by Pörschmann (2000), who showed that voiced relative to unvoiced 
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sounds have larger bone-conducted contributions. Additionally, studies have shown that 
each pathway has varying sensitivity to frequency bands, with the bone conduction 
pathway being more sensitive to frequencies between 700 and 2000 Hz, and the air 
conduction pathway being more sensitive above and below this range (Pörschmann, 
2000; Reinfeldt, Östli, Håkansson, & Stenfelt, 2010). Taken together, these findings 
suggest that masking bone conduction in addition to air conduction hearing may be 
warranted when the goal is to minimize how much a speaker can perceive their own 
voice. 
Previous auditory feedback experiments have attempted to minimize the effect of 
bone-conduction hearing by increasing the intensity of the air-conducted voice feedback 
signal, presenting the signal with air-conducted masking noise, or both (Kawahara, 
1994). The adequacy of air-conducted masking noise has not been empirically established 
and it’s reasonable to surmise that residual sound vibration may be detected via bone-
conduction hearing. While a previous perturbation study incorporated both insert 
earphones and bone conduction oscillators in the experimental setup (Jones & Munhall, 
2000), the authors did not manipulate the use of bone-conduction feedback during the 
experiment.  
The goal of the current study is to examine the effect of varying masking noise on 
the behavioral responses during a laryngeal perturbation experiment. During the 
experimental task, the participant vocalizes a vowel while their larynx is non-invasively 
and externally displaced for short intervals. The task is repeated under three experimental 
conditions that allows us to directly compare responses when (1) auditory feedback is not 
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masked, (2) auditory feedback is masked solely through air-conducted means, and (3) 
auditory feedback is masked using a combination of air and bone-conducted masking 
noise. These feedback conditions will be referred to as Without Masking, With Masking 
(Air), and With Masking (Air/Bone) respectively. We hypothesize that the degree of 
auditory feedback masking will have an effect on the behavioral responses to the 
laryngeal perturbation. The results of this study will inform the design of future 
vocalization perturbation experiments and enable the careful study of the role 
somatosensory feedback in voice motor control. 
Methods 
Participants 
Fifteen participants (8 female) between the ages of 20 and 34 (mean 24.6, SD 4.5) 
completed this experiment. All participants were native speakers of American English 
and had no history of speech, language, or voice disorders. Participants were excluded if 
they had more than one year of experience learning a tonal language. Further, participants 
were excluded if they had a history of formal singing training, operationally defined as 
receiving more than five years of singing instruction before age 18 and/or more than two 
years of singing instruction after the age of 18. The two preceding exclusion criteria were 
chosen because these populations have shown an ability to more fully compensate for 
perturbations of fundamental frequency compared to non-singers, and non-tonal language 
speakers (Jones & Keough, 2008; Krishnan, Xu, Gandour, & Cariani, 2004). All 
participants in this study passed a hearing screening using pure-tone audiometry at 25 dB 
HL for frequencies ranging from 250 to 4000 Hertz (Hz) bilaterally. All participants 
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provided written informed consent in according with the Boston University Institutional 
Review Board. 
Equipment 
Figure 2.1 shows the setup of the experimental equipment. The experiment was 
conducted in a sound-proof booth (Eckel C-14) with participants seated at a desk facing a 
computer monitor (Dell 2009wt). The monitor was used to present visual stimuli for trial 
progression and to provide visual feedback about participants’ loudness levels following 
each trial. A MOTU Microbook IIc (MOTU) audio interface handled the input and output 
of audio signals to and from the participants. Two Behringer Mixers (UB802) were used 
as amplifiers for the microphone and headphone signals independently before returning 
to the MOTU (microphone) or reaching the participant (headphones). All trial 
progression and data collection were controlled from a custom MATLAB (Mathworks, 
2017b) script on the computer. The Audapter toolbox (Cai et al., 2008; Tourville, Cai, & 
Guenther, 2013) was used with the MATLAB script to control the MOTU. The MOTU 
processed audio at a sampling rate of 48 kHz. 
Participants wore a lapel microphone (Shure SM93) affixed to their shirt, roughly 
6 in below their mouth. The microphone signal was preamplifed by an in-line 
preamplifier, and then further amplified by the Behringer mixer. Auditory feedback was 
presented to the participants using two sets of headphones – a set of insert earphones 
(Etymotic ER-1) and a set of bone conduction headphones (AfterShokz AS401). The type 
of auditory feedback played to participants varied by experimental condition. Under 
normal feedback conditions (without masking), the insert earphones played the 
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participant’s voice 5 dB higher than produced to reduce the perception of the 
participant’s own unperturbed acoustic signal. No signal was presented via the bone-
conducting headphones in the condition without auditory masking. For the With Masking 
(Air) condition, they heard speech-shaped masking noise played at 90 dB SPL in the 
insert-earphones. For the With Masking (Air/Bone) condition, they heard speech-shaped 
masking noise played in both the insert earphones (90 dB SPL) and the bone conduction 
headphones. The insert earphones and microphone were calibrated using the Brüel & 
Kjᴂr Sound Level Meter (Type 2250). Because calibration of the bone conduction 
headphones in dB SPL was not feasible, masking noise presented via the bone conduction 
headphones was set to a level that was deemed by pilot participants to effectively mask 
any residual voice signal without causing discomfort.  
The final component of the experimental setup was the laryngeal displacement 
stimulus (referred throughout as the perturbation). On certain trials, participants had their 
somatosensory feedback perturbed by a laboratory-made device, which physically 
displaced the position of their larynx (laryngeal displacement device, LDD). A rigid 
plastic collar with a balloon embedded in the center was fitted externally to participants’ 
necks such that the balloon was placed directly on the laryngeal prominence. During 
trials which included a perturbation, the balloon inflated rapidly by an external air pump 
and pushed the thyroid cartilage posteriorly and superiorly. The pressure of the balloon 
was recorded with an in-line pressure sensor (Panasonic ADP5131). At maximum 
perturbation, the balloon reached a mean pressure of 3.79 psi across subjects (SD = 0.16 
psi). The stimulus was removed by reversing the flow of air in the pump, thereby 
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deflating the balloon. Inflating the balloon against the larynx had the effect of lowering 
participants’ fo. We assume this effect is a result of pressure from the balloon slackening 
and/or compressing the vocal folds (making them shorter), which reduces vocal fold 
tension and thereby lowers fo. This effect is examined empirically in Chapter 3 using 
laryngoscopic methods.  
A National Instruments Data Acquisition card (NIDAQ, NI USB-6212 (BNC)) 
was used to trigger the LDD and control stimulus presentation. A MATLAB-generated 
step function signaled the LDD to inflate and deflate the system with air to produce the 
stimulus. As this output signal triggered the LDD, this step function was recaptured by 
the NIDAQ as input to time align other signals. A copy (split from the Behringer mixers) 
of the amplified microphone and amplified headphone signals were also recorded by the 
NIDAQ. These duplicate audio signals were used to time-align the participant responses 
 
Figure 2.1: Diagram of experimental setup. The experimental computer presented the visual feedback 
for trial progression, triggered the laryngeal displacement stimulus, and recorded the behavioral voice 
data. The MOTU soundcard handled the input and output of audio signals, and the NIDAQ provided the 
signal to inflate and deflate the LDD. The NIDAQ recorded the trigger signal sent to the LDD, as well as 
the amplified microphone and headphone signals. M = microphone, pA = preamplifier, H = insert 
earphones, bH = bone-conduction headphones, LDD = laryngeal displacement device, Ps = pressure 
sensor. 
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with the trigger signal. The NIDAQ input recordings were saved alongside the 
Audapter/MOTU recordings for analyses.  
Baseline Voice Recording 
The study began with baseline recordings of the participant’s normal speaking 
voice. For these recordings, participants wore only the lapel microphone and produced 3 
trials of /i/, sustaining the vowel for 4 seconds. They were instructed to maintain a steady 
pitch and loudness in their comfortable speaking voice. No visual feedback about their 
production was provided during this period. The baseline recordings were used to set the 
target sound pressure level for the experimental trials.  
Laryngeal Perturbation 
Following the baseline recordings, participants were equipped with the LDD, 
insert-earphones, and bone conduction headphones. They completed four practice trials to 
become familiar with the masking noise and laryngeal perturbation. Participants then 
completed three experimental runs of 40 trials each, with short breaks in between. In each 
run, participants were provided with auditory feedback in one of the three conditions: 
Without Masking, With Masking (Air), With Masking (Air/Bone). The order of auditory 
feedback conditions was counter-balanced across participants.   
Figure 2.2 shows the time-course of a single trial. Each trial began with a 1s cue 
period, marked by a ‘+’ on the screen, instructing the participant to prepare to vocalize. 
Following this period, the ‘+’ disappeared and was replaced by the letters ‘eee’, which 
was an instruction to vocalize and sustain the vowel /i/ for 4.8 seconds (vocalization 
period) using a comfortable loudness and pitch. In 25% of trials, the participants had their 
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larynx perturbed by the LDD. The perturbation was presented to the participant jittered 
between 1.8 to 2.3s after the start of the vocalization period, and lasted for a time 
between 1.0 and 1.5s. As the letters ‘eee’ disappeared from the screen, participants were 
instructed to cease vocalization, and they then received a 2s rest period. During the rest 
they were given visual feedback about their sound pressure level in the form of a colored 
bar on the computer monitor. The height of the bar corresponded to the root mean square 
(RMS) of the current acoustic recording, compared to the mean RMS of the baseline 
recordings. As long as the participant vocalized a trial within ±3 dB of their target 
(baseline) sound pressure level, the bar was green and had a height that terminated in a 
target area on the screen delineated by two horizontal lines. Any greater or lower sound 
pressure level value resulted in a red bar that terminated above or below the target area. 
Participants were instructed to use this feedback to adjust their sound pressure level from 
trial-to-trial to match the target. 
 
 
Figure 2.2: Epoch of a trial. LOUD FB = Visual feedback showing the sound pressure 
level of the participant’s voice on the trial, compared to their target baseline sound 
pressure level. 
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Acoustic Analysis 
To determine compensatory responses to the perturbation, fundamental frequency 
in hertz over each trial was extracted using Praat1 (Version 6.0.43, Boersma & Weenink, 
2018). The raw microphone signals and extracted fo trace were manually inspected for 
issues with voice quality (e.g., vocal fry), time-series errors (e.g. voice breaks), and 
loudness issues (e.g. low signal-to-noise ratio). A second, automated, quality assessment 
step was implemented in MATLAB to identify voice errors that produced pitch-tracking 
issues. Trials with any of these errors were excluded from further analysis (6.0% trials 
removed). If the majority of trials for a given participant were excluded, all data from that 
participant were further removed from analysis. As a result, data from two participants 
were removed. 
The baseline fo (fo_base) for each trial was found by taking the mean of the fo trace 
in the 500-ms period before perturbation onset. Each fo trace was then normalized and 
converted to cents using fo_base as the reference frequency. The analysis window of 
interest was from 500 ms before to 1000 ms after the LDD onset trigger; each trial was 
sectioned to capture this time period. The fo trace for all sectioned trials within a 
condition were averaged for a given participant 
Figure 2.3 shows an example normalized fo trace from a single perturbed trial by 
an individual participant. The 0-time point indicates the onset of the LDD trigger to 
                                                        
1Fundamental frequency was calculated in Praat using the autocorrelation function with a 0.001 s time step. 
The pitch floor and ceiling values were set to between 75 and 300 Hz for males, and 100 and 500 Hz for 
females. These ranges were adjusted (-50 Hz for males, +100 Hz for females) if a participant’s fo bordered 
the default range. The resultant fo trace was sampled from Praat in 1-ms intervals. 
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initiate the perturbation. From the mean trial per participant and condition, we extracted 
three measures as shown in Figure 2.3:  
1. Stimulus Magnitude (cents) captured the effect of the laryngeal perturbation on 
the participant’s fo, and was measured as the inverted difference in cents from the 
value of fo at the perturbation onset to the minimum value of fo within the 200 ms 
following the perturbation onset. The 200-ms period following perturbation onset 
was chosen to detect the lowest point in the fo trace because participants in pilot 
testing reached the lowest point in the curve before the end of the rise time (178 
ms, SD =  9 ms). A minimum stimulus magnitude of 20 cents was required to 
determine that the perturbation was applied to the neck as intended. This 
threshold was met for all but one participant, whose data were removed from 
further analysis. 
2. Response Magnitude (cents) measured the participant’s change in fo following the 
stimulus against the neck, and was calculated as the difference in fo from the 
minimum value of fo within 200 ms following perturbation onset to the mean 
value of fo between 0.8 and 1 s after perturbation onset. This time period 
represents a stable portion of the fo trace where participants were likely to have 
reached their maximum level of compensation for the stimulus. 
3. Response Percentage (%) captured the amount the participant was able to recover 
their fo_base following the onset of the perturbation, and was measured as the ratio 
between Response Magnitude and Stimulus Magnitude 
(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
× 100%).  
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Statistical Analysis 
To examine the effect of auditory feedback condition on the dependent variables, we 
performed a Repeated-Measures ANOVA (RM-ANOVA) or the non-parametric 
equivalent, Friedman’s test. Assumptions of the RM-ANOVA were assessed for all 
variables. Response Magnitude data met the assumptions, including sphericity (χ2(2) = 
0.755, p = 0.69), and were submitted to an RM-ANOVA. Stimulus Magnitude and 
Response Percentage data were not normally distributed (and transformations were not 
effective in approximating normality); data for both of these variables were submitted to 
separate Friedman tests. All statistical analyses were conducted using MATLAB 2017b. 
The alpha level for significance was Bonferroni-corrected to control for family-wise error 
rate such that only p values < 0.017 reject the null hypothesis. 
 
Figure 2.3: Exemplary normalized fo traces from the mean of perturbed trials. The 0-time point indicates 
the onset of the LDD inflation. Stimulus Magnitude is the inverted difference between the orange square 
and the purple triangle. Response Magnitude is defined as the difference in fo between the purple triangle 
and the green dot (mean value of fo within green area). Response Percentage is the ratio of Response 
Magnitude/Stimulus Magnitude×100%. Response Latency is the time point at the purple triangle.  
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Results 
Figure 2.4 shows normalized fo traces by condition, aligned at the onset of the 
LDD trigger. Each trace is the mean normalized fo across the 12 participants included in 
the analyses. The shaded error bounds are the 95% confidence interval. Table 2.1 
summarizes the three dependent variables by condition that were extracted from the 
normalized fo traces. 
 
 
Figure 2.4: Mean-participant fo traces by condition (black = control, blue = Without Masking, 
red = With Masking (Air), green = With Masking (Air/Bone)) at the onset of the laryngeal 
perturbation. Error bounds are the 95% confidence interval. The dotted orange trace is the 
mean pressure inside the balloon during all perturbed trials (all conditions) 
 Table 2.1: Summary statistics of the behavioral measures from the onset of the perturbation. Values reported 
are the across-participant mean (standard deviation). Without Masking refers to the condition when participants 
could hear their own voice. With Masking (Air) refers to the air conducted masking noise condition, and With 
Masking (Air/Bone) refers to the air and bone conducted masking noise condition. 
Condition 
Stimulus 
Magnitude (cents) 
Response 
Magnitude (cents) 
Response 
Percentage (%) 
Without Masking 89.38 (38.77) 72.30 (39.29) 79.13 (23.11) 
With Masking (Air) 111.18 (49.08) 84.37 (46.29) 77.16 (28.52) 
With Masking (Air/Bone) 100.02 (57.03) 63.78 (39.94) 73.22 (44.22) 
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Statistical analyses revealed that there was not a significant effect of auditory 
feedback condition on Stimulus Magnitude (χ2(2) = 3.17, p = 0.205), Response 
Magnitude (F(2,22) = 2.77, p = 0.084), or Response Percentage (χ2(2) = 0.5, p = 0.779). 
Discussion 
The aim of this study was to investigate the effect of presence and type of 
auditory masking noise during a laryngeal perturbation experiment. We developed a 
paradigm of auditory masking that included masking of air-conducted as well as bone-
conducted sound to inhibit the participants’ ability to hear themselves. Determining the 
optimal method of auditory masking is important in order to isolate the role that 
somatosensory feedback plays in voice motor control.  
Across three auditory feedback conditions (Without Masking, With Masking 
(Air), With Masking (Air/Bone)), the laryngeal perturbation elicited an initial decrease in 
fo. In response and – while the perturbation was still applied – participants compensated 
for the perturbation by increasing their fo towards their baseline value. The magnitude of 
the initial stimulus and the magnitude of the participants’ compensatory responses did not 
significantly differ, however, across the three auditory feedback conditions. These 
findings are discussed with respect to the somatosensory perturbation and hearing 
literature. 
Previous studies investigated the role of somatosensory feedback in voice motor 
control without controlling for the effect of auditory feedback (Loucks et al., 2005; Sapir 
et al., 2000). The results in the condition Without Masking in the current study are 
consistent with previous findings that showed an immediate decrease in fo as a result of 
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the perturbation, followed by a compensatory return of fo back to baseline levels. We 
extended these findings by applying auditory feedback masking (With Masking (Air) and 
With Masking (Air/Bone) conditions) during the perturbation experiment, and showed 
similar fo responses to the perturbation. This finding suggests that the contribution of 
auditory feedback is small when compared to somatosensory feedback, and there is very 
little difference between the response (as a percentage of perturbation) when auditory 
noise masking is supplemented with bone-conducted noise masking.  
A possible explanation for this finding could be in the difference of response 
times between the auditory and somatosensory feedback controllers. Somatosensory 
feedback controllers response times has been found to be in the range of 22-75ms (Abbs 
& Gracco, 1984; Guenther et al., 2006). Abbs and colleagues (1984) applied lip 
displacements during bilabial consonant production (affecting formant production), and 
observed the latency of EMG activation to correct the perturbation. Guenther and 
colleagues (2006) were able to replicate these findings in simulation using the DIVA 
model. Sapir 2000 recorded a compensatory increase in fo 50-75ms following stimulus 
onset. These two results together are especially interesting because a similar response 
time has been shown for somatosensory feedback controllers responding to two different 
types of speech errors; those of formants, and those of fo. In contrast. auditory feedback 
controllers respond between 100 and 150ms (Guenther, 2016; Hain et al., 2000; Purcell & 
Munhall, 2006) after a perturbation is applied. Purcell and colleagues artificially shifted 
the 1st formant frequency in participants’ auditory feedback during the voicing of the 
vowel /ε/, both up and down in frequency, finding response delays to be on average 
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107ms and 165ms in each condition. In Hain 2000, artificial shifts of fo in auditory 
feedback elicited a response 150ms after the stimulus onset. Again, these responses 
latencies are similar in experiments testing formant shifts and fo shifts. 
Since somatosensory feedback controllers appear to be faster to respond to 
changes in vocal production than auditory feedback controllers, it could be inferred that 
one’s response to laryngeal perturbations will come primarily from the somatosensory 
feedback control system and thus will not depend much on the level of auditory feedback 
provided, as in our results. 
The participants in this study had baseline fo values ranging from 88 to 266 Hz. 
Hearing research has shown that bone-conduction pathways are most sensitive to 
frequencies between 700 and 2000 Hz, with air-conducted pathways being more sensitive 
to frequencies above and below this band (Pörschmann, 2000; Reinfeldt et al., 2010). 
Since participant’s fo never went above 300 Hz, it’s likely that the majority of the salient 
fo information being supplied to a given speaker is through their air-conducted pathways. 
In keeping with this observation, supplying bone-conducted masking noise to our 
participants did not significantly alter their responses to the somatosensory perturbation. 
In this study we analyzed the results from 12 participants, with each participant 
completing 10 perturbed trials in each condition. Our findings suggest that making noise 
did not have an effect on our behavioral measures, but the relatively low number of 
participants and perturbed trials may have limited statistical power for detecting very 
small changes in performance when bone conduction noise is added to acoustic noise.  
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The degree of masking noise provided via the bone-conduction headphones could 
not be quantified in dB SPL in the current study. Following the experiment, however, 
participants were informally asked if they perceptually noticed a difference between the 
two With Masking conditions. 5 of the 15 participants who completed the task reported 
that they did notice a difference, and often specifically commented that it was more 
difficult to control their loudness level in the With Masking (Air/Bone) condition 
compared to the With Masking (Air) condition. Future studies aiming to improve on 
these masking-noise methods would need to capture the degree of auditory feedback that 
was blocked by the masking. This could be done by adding an oddball condition during a 
speaking task, where a participant must react to auditory stimuli played from external 
speakers, separate from any headphone feedback. Under masking conditions, 
theoretically, the participants would have a more difficult time hearing air-conducted 
sounds that should be effectively blocked by headphone-delivered masking noise. It 
would be interesting to see if a participant’s performance on identifying oddballs 
decreased further in the presence of bone-conducted masking noise as well as the air-
conducted. Tuning the levels of masking noise could help to find a threshold where 
auditory feedback was fully masked. 
In sum, we found that masking auditory feedback via bone conduction did not 
significantly affect the behavioral response to a laryngeal perturbation. This knowledge is 
useful since bone-conducted masking might not be viable in environments such as in the 
bore of a MRI machine. (The bone conduction headphones we used are meant for 
recreational use, and MR-safe devices are not currently available.)  
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CHAPTER 3: CONTRIBUTIONS OF AUDITORY AND SOMATOSENSORY 
FEEDBACK TO VOICE MOTOR CONTROL 
Abstract 
Purpose: To better define the contributions of somatosensory and auditory feedback in 
vocal motor control, a laryngeal perturbation experiment was conducted with and without 
masking of auditory feedback.  
Method: Eighteen native speakers of English produced a sustained vowel while their 
larynx was mechanically displaced by external pressure on a subset of trials. For the 
condition with auditory masking, speech-shaped noise was played via earphones at 90 db 
SPL. Responses to the laryngeal perturbation were compared to responses in the same 
participants to an auditory perturbation experiment that involved a 100-cent downward 
shift in fundamental frequency (fo). Responses were also examined in relation to a 
measure of auditory acuity. 
Results: Significant compensatory responses to the laryngeal perturbation were observed 
with and without auditory masking. The level of compensation was greatest in the 
laryngeal perturbation condition without auditory masking, followed by the condition 
with auditory masking; the level of compensation was smallest in the auditory 
perturbation experiment. The variation in responses in both perturbation experiments was 
not related to auditory acuity, and no cross-speaker relationship was found between the 
degree of compensation to auditory versus laryngeal perturbations.  
Conclusions: Both somatosensory and auditory feedback control mechanisms contribute 
to compensatory responses to laryngeal perturbations. 
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Keywords: Speech motor control, somatosensory feedback, auditory feedback, fo acuity 
Introduction 
Current computational models of speech motor control incorporate processes, 
including those responsible for the control of vocal fundamental frequency (fo; associated 
with the auditory perception of pitch), consisting of several distinct control subsystems. 
For example, the directions into velocities of articulators (DIVA) model of speech 
production (Guenther, 2016; Guenther et al., 2006) specifies three main components of 
speech motor control: feedforward control, auditory feedback control, and somatosensory 
feedback control. According to the model, vocalization begins with the readout of a set of 
learned targets that are sent to the three controllers. The feedforward controller generates 
motor commands to the speech articulators as specified in the motor target, which is a 
time-series of articulator positions and velocities that move the articulators to produce the 
acoustic signal for the utterance. As the utterance occurs, the auditory feedback controller 
compares the auditory target to auditory feedback and, if an error is detected, sends a 
corrective command to the speech articulators. Simultaneously, the somatosensory 
feedback controller compares the somatosensory target to the current somatosensory state 
of the vocal tract and sends corrective commands if the configuration deviates from the 
target. Although details in implementation differ, a similar division of motor control 
processes into feedforward, auditory feedback, and somatosensory feedback processes is 
inherent to the state feedback control (SFC) model (Houde & Nagarajan, 2011), 
hierarchical state feedback control (HSFC) model (Hickok, 2012), and feedback-aware 
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control of tasks in speech (FACTS) model (Parrell, Ramanarayanan, Nagarajan, & 
Houde, 2019). 
The current study aims to characterize the contributions of the auditory and 
somatosensory feedback control subsystems to the control of voice. One commonly used 
method of probing the role of feedback control during vocalization is to unpredictably 
perturb a speaker’s sensory feedback on a certain percentage of production trials and 
observe the subsequent changes in voice output to these perturbations compared to 
unperturbed trials. For example, auditory feedback has been perturbed by shifting the fo 
of a participant’s voice played back to them via headphones in near real time via a digital 
signal processing system or computer. This unexpected artificial shift in perceived fo 
elicits a compensatory response to oppose the change so that the speaker’s auditory 
feedback more closely matches the intended target (Burnett et al., 1998, 1997; Larson et 
al., 2000). This response rarely results in complete compensation, with participants 
typically achieving approximately 15–50% compensation of the fo perturbation (Bauer & 
Larson, 2003; Larson et al., 2000; Liu & Larson, 2007). According to the DIVA model 
(and consistent with the SFC, HSFC, and FACTS models), the incomplete compensation 
seen in auditory perturbation experiments is due to the somatosensory feedback controller 
counteracting the compensatory behavior of the auditory feedback controller. For 
example, if the auditory feedback controller detects that fo is higher than the intended 
target, it will send corrective commands to lower fo. The somatosensory feedback 
controller will then detect that the adjusted configuration of the larynx is producing an fo 
lower than intended and will send motor commands to raise the speaker’s fo, thereby 
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partially counteracting the compensatory adjustments made by the auditory feedback 
controller. The results from auditory feedback perturbation paradigms thus reflect a 
combination of competing auditory and somatosensory feedback control mechanisms.  
The partial compensation seen in auditory perturbation experiments contrasts with 
the near-complete compensation often seen in response to mechanical perturbations of 
the larynx, which we will term laryngeal perturbations. To our knowledge, only two 
experiments to date have examined fo responses to laryngeal perturbations (Loucks et al., 
2005; Sapir et al., 2000). In both of these studies, investigators used externally applied 
laryngeal perturbations to examine somatosensory feedback mechanisms during sustained 
vowel production. When a mechanical perturbation was applied to the larynx, fo rapidly 
decreased (stimulus response) and then gradually increased towards the speaker’s 
baseline fo (compensatory response). In comparison to the auditory perturbation 
paradigm, compensation was closer to complete (66–75%) in response to these laryngeal 
perturbations. According to the models described above, this correction is again due to a 
combination of the auditory and somatosensory feedback controllers but, in this case, 
working in tandem since the fo error perceived through audition is in the same direction 
as the fo error perceived through somatosensation. In both of these studies, the change in 
fo was audible to the participant, so it is impossible to dissociate the roles of these two 
feedback-control subsystems in correcting for mechanical perturbations of the larynx.  
One previous study examined auditory and somatosensory perturbations in the 
same group of participants and showed that individuals seemed to have a stable 
preference for either auditory or somatosensory feedback (Lametti et al., 2012). 
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Specifically, participants completed blocks of a word production task, during which their 
feedback was artificially shifted through auditory feedback (formant shifts heard in 
earphones), somatosensory feedback (mechanical displacement of the jaw), or a 
simultaneous combination of the two. The results showed that individuals responded 
strongly to one feedback perturbation modality, while simultaneously responding less 
strongly to the other. However, these experiments were performed in articulatory space 
and with sustained perturbations designed to elicit sensorimotor adaptation, which are 
more suited to understanding vowel-formant (as opposed to voice) and feedforward 
control (versus feedback control). It is unclear if individuals will also show a preference 
for a feedback modality in the context of unexpected perturbations in vocal motor 
control.   
The current study aims to dissociate the roles of auditory and somatosensory 
feedback control systems in laryngeal perturbation studies by investigating responses to 
laryngeal perturbations under conditions with and without auditory feedback masking. By 
effectively eliminating auditory feedback, the former condition isolates the contribution 
of somatosensory feedback control mechanisms to the compensatory response to the 
perturbation. Furthermore, we measured auditory acuity as well as responses to a purely 
auditory perturbation of fo in the same participants to compare and contrast responses by 
the auditory and somatosensory feedback subsystems. Laryngeal perturbations 
(Experiment 1) were delivered by a pneumatic device that displaced the larynx during a 
sustained vowel task, which had the effect of reducing participants’ fo. Auditory 
perturbations (Experiment 2) were also applied in a sustained vowel task and were 
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characterized by a downward shift in fo that approximately matched the acoustic effect of 
the laryngeal perturbation. Together, these experiments were used to examine (1) the 
magnitude of responses to laryngeal perturbations (with and without access to auditory 
feedback); (2) the timing of responses to laryngeal perturbations (with and without access 
to auditory feedback); (3) the relationship between the magnitude of responses to 
laryngeal and auditory perturbations; and (4) the relationship between auditory acuity and 
responses to perturbations in both sensory domains. Based on the theoretical 
considerations outlined above, we hypothesized that masking auditory feedback during 
laryngeal perturbations would result in smaller compensatory responses compared to the 
condition without masking, since the former involves only somatosensory feedback 
control mechanisms whereas the latter involves both the auditory and somatosensory 
feedback control mechanisms working together.  In addition, we expected that auditory 
perturbations would be associated with smaller compensatory responses relative to both 
laryngeal perturbation conditions since, in the auditory perturbation condition, the 
auditory and somatosensory feedback controllers effectively compete with each other. 
Finally, we hypothesized that auditory acuity would be positively correlated with the 
magnitude of compensatory responses in both the laryngeal perturbation (with normal 
auditory feedback) and auditory perturbation experiments since higher auditory acuity 
should allow better detection of deviations of the auditory signal induced by the 
perturbations.  
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Methods 
Participants 
Eighteen participants (11 female, 7 male) between the ages of 18 and 34 (mean 
22.4, SD 3.8) took part in this study. All participants were native speakers of American 
English and had no history of speech, language, hearing, voice, or neurological disorders. 
Participants were not included if they had received more than one year of tonal language 
instruction. Further, participants were not included if they had significant formal singing 
training, operationally defined as receiving more than five years of singing instruction 
before age 18 and/or more than two years of singing instruction after the age of 18. All 
participants passed a hearing screening using pure-tone audiometry at 25 dB HL for 
frequencies ranging from 500 to 4000 Hertz (Hz) bilaterally. All participants provided 
written informed consent in accordance with the Boston University Institutional Review 
Board. 
Equipment 
Figure 3.1 shows the setup of the experimental equipment. The experiments were 
conducted in a soundproof booth (Eckel C-14) with participants seated at a desk facing a 
computer monitor (Dell 2009wt) and a keyboard. The monitor was used to provide visual 
stimuli for trial progression and to present visual feedback about participants’ loudness 
levels during the perturbation experiments. A MOTU Microbook IIc (MOTU) was the 
interface by which audio signals were provided to and received from participants. Two 
Behringer Mixers (UB802) were used as amplifiers for the microphone and headphone 
signals independently before returning to the MOTU (microphone) or reaching the 
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participant (headphones). All trial progression and data collection were controlled from a 
custom MATLAB (Mathworks, 2017b) script on the experimental computer. The 
Audapter toolbox (Cai et al., 2008; Tourville et al., 2013) was used in conjunction with 
the MATLAB script to handle the audio input and output from the MOTU (collected at 
48kHz sampling rate). 
Participants wore a lapel microphone (Shure SM93) affixed to their shirt, roughly 
6in below their mouth. The microphone signal was preamplified with an in-line 
preamplifier, and then additionally amplified by the Behringer mixer. Auditory feedback 
was presented to the participants using two sets of headphones – a set of insert earphones 
(Etymotic ER-1) and a set of bone conduction headphones (AfterShokz AS401). The type 
of auditory feedback played to participants varied by experiment. Under normal feedback 
conditions (without masking), the insert earphones played the participant’s voice 5 dB 
 
Figure 3.1: Diagram of experimental setup. The experimental computer presented the visual feedback for 
trial progression, triggered the laryngeal displacement stimulus, and recorded the behavioral voice data. The 
MOTU soundcard handled the input and output of audio signals, and the NIDAQ provided the signal to 
inflate and deflate the LDD. The NIDAQ recorded the trigger signal sent to the LDD, as well as the 
amplified microphone and headphone signals. M = microphone, pA = preamplifier, H = insert earphones, 
bH = bone-conduction headphones, LDD = laryngeal displacement device, Ps = pressure sensor. 
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higher than produced to reduce the self-perception of the participant’s unperturbed 
acoustic signal. No signal was presented via the bone-conducting headphones in the 
condition without auditory masking. When auditory feedback was masked, they heard 
speech-shaped masking noise played in both the insert earphones (90 dB SPL) and the 
bone conduction headphones. The insert earphones and microphone were calibrated using 
the Brüel & Kjᴂr Sound Level Meter (Type 2250). Because calibration of the bone 
conduction headphones in dB SPL was not feasible, masking noise presented via the bone 
conduction headphones was set to a level that was deemed by pilot participants to 
effectively mask any residual voice signal without causing discomfort. 
Laryngeal perturbations were delivered via a custom-fabricated device, the 
laryngeal displacement device (LDD), which mechanically displaced the position of the 
larynx by applying a dorsally aimed force. A National Instruments Data Acquisition card 
(NIDAQ, NI USB-6212 (BNC)) was used to trigger the LDD and record time-aligned 
pressure, microphone, and headphone signals. The LDD consisted of a rigid plastic collar 
held in place over the larynx via an elastic cord that was adjusted to provide a snug but 
comfortable fit (see Supplementary Figure 3.S1). Force was applied to the larynx by 
rapidly inflating a semi-rigid balloon embedded in the collar, with the balloon placed 
directly on the laryngeal prominence. On perturbed trials, the balloon was inflated rapidly 
(mean rise time = 178 ms, SD = 9 ms) via a computer-controlled external air pump, 
thereby displacing the thyroid cartilage. Inflating the balloon against the larynx had the 
effect of lowering participants’ fo. To ensure that the larynx did not simply rebound to its 
normal position immediately after perturbation onset but instead remained displaced 
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throughout the perturbation, laryngoscopy was used to track gross movement of the 
larynx during perturbations in five participants. Analysis of the resulting videos verified 
that the gross displacement of the larynx caused by onset of the perturbation was 
maintained throughout the duration of the perturbation (see Supplementary Materials for 
further details). The pressure of the balloon was recorded with an in-line pressure sensor 
(Panasonic ADP5131), with a mean pressure of 4.19 psi at full perturbation across 
participants (SD = 0.23 psi). The perturbation was removed by rapidly reversing the flow 
of air in the pump, thereby deflating the balloon (mean fall time = 250 ms, SD = 43 ms).  
Baseline Voice Recording  
The study began with baseline recordings of the participant’s normal speaking 
voice. For these recordings, participants wore only the lapel microphone and produced 3 
trials of /i/, sustaining the vowel for 4 seconds. They were instructed to maintain a steady 
pitch and loudness in their comfortable speaking voice. The baseline recordings were 
used to create tokens for the fo acuity estimation task as well as to set the target sound 
pressure level for the experimental trials. Following the baseline recordings, participants 
were fitted with the LDD, insert earphones, and bone conduction headphones. 
fo Acuity Estimation 
Participants performed four runs of an adaptive staircase just-noticeable-
difference (JND) task to measure their fo acuity. The task type chosen was an AXB task, 
in which they were instructed to identify whether a perceptual token X was different than 
either token A or token B (Macmillan & Creelman, 2005; McGuire, 2010). An automated 
Praat script generated four hundred voice tokens per participant by shifting the fo of the 
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participant’s baseline voice recording. The shifts in fo ranged from -100 cents to +100 
cents (in steps of 0.5 cents) from the baseline fo. During each trial of a run, participants 
were presented with three 0.5-s tokens (inter-stimulus interval = 0.5 s). The first and last 
token of the run were different in their value of fo, but equidistant from the baseline fo, 
separated by a testing distance. For example, if the testing distance was 50 cents, the first 
and last tokens would be 25 cents above and 25 cents below the baseline fo (or vice 
versa). The middle token was always identical to either the first or the last token. 
Participants were instructed to identify which token was different in pitch from the 
middle token; either the first or the last. Participants made their selection using the arrow 
keys on the keyboard. No more than three trials of a position type (first/last) were 
presented in a row. Further, no more than three trials of a direction type (first token 
above/ below baseline fo) were presented in a row. Participants were not given a time 
limit to select an answer for the trial; the next trial began 1s after they made a selection.  
At the beginning of a run, a testing distance of 50 cents and a 1-up 1-down 
adaptive staircase paradigm were used. These starting conditions were chosen during 
pilot testing to reduce the time it took for a participant to reach their JND threshold. After 
each correct response, the distance between non-matching tokens was decreased by 10 
cents. After an incorrect response, the distance was increased by 10 cents. This paradigm 
allowed the participant to reach their approximate threshold rapidly. Following the first 
incorrect response, the task switched to a 2-down, 1-up paradigm (two correct responses 
needed before increasing task difficulty) and the step distance increased or decreased by 
4 cents. If participants reached a testing distance below 10 cents, the task still operated on 
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a 2-down 1-up paradigm, but the step distance was further reduced to 1 cent. A reversal 
was defined as a change from an increasing to decreasing JND (based on the accuracy of 
the participant’s responses) or vice versa. The run concluded following 10 reversals or 
after 100 trials, whichever occurred first. For a given run, the JND score was calculated 
as the mean of the distance for the last four reversals. This score was then averaged 
across the four runs to produce the participant’s final JND score. 
Experiment 1: Laryngeal Perturbation 
In the first experiment, participants completed a laryngeal perturbation paradigm 
in which they vocalized the vowel /i/ over multiple trials while they had their larynx 
mechanically and non-invasively displaced by the LDD. The paradigm was conducted 
under two auditory feedback conditions: (1) Without Masking, in which participants 
could hear their own voice as they vocalized, and (2) With Masking, in which participants 
had their auditory feedback masked by speech-shaped noise as described above. 
Participants completed four practice trials to become familiar with the masking noise and 
laryngeal perturbation. Participants then completed four experimental runs of 40 trials 
each, with short breaks in between. On 10 of the 40 trials (pseudorandomly distributed) 
the LDD was activated, with no consecutively perturbed trials. In each run, participants 
were provided with auditory feedback in one of the two conditions for a total of two runs 
per condition. The run order was arranged such that no two runs of the same condition 
were presented in sequence, and the arrangement of run order was counter-balanced 
across participants.   
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Figure 3.2 shows the time-course of a single perturbed trial. The trial progression 
was presented to the participant on the computer monitor. Each trial began with a 1s cue 
period, marked by a ‘+’ on the screen, instructing the participant to prepare to vocalize. 
Following this period, the ‘+’ disappeared and was replaced by the letters ‘eee’, which 
was an instruction to vocalize and sustain the vowel /i/ for 4.8 seconds (vocalization 
period) using a comfortable loudness and pitch. Onset of the perturbation was jittered 
between 1.8 to 2.3s (uniformly distributed) after the start of the vocalization period; the 
perturbation lasted for 1.0 to 1.5s (uniformly distributed). Unperturbed trials were 
identical to perturbed trials except that no perturbation was applied. Participants were 
instructed to cease vocalization when the letters ‘eee’ disappeared from the screen, and 
they then received a 2s rest period. During the rest they were given visual feedback about 
their sound pressure level in the form of a colored bar on the computer monitor. The 
height of the bar translated to the root mean square (RMS) of the current acoustic 
recording, compared to the mean RMS of the baseline recordings. As long as the 
participant vocalized a trial within ±3 dB of their target (baseline) sound pressure level, 
the bar was green and had a height that terminated in a target area on the screen 
delineated by two horizontal lines. Any greater or lower sound pressure level value 
resulted in a red bar that terminated above or below the target area. Participants were 
instructed to use this feedback to adjust their sound pressure level from trial-to-trial to 
match the target.  
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Experiment 2: Auditory Perturbation  
In the second experiment, participants completed an auditory perturbation 
paradigm in which the fo of their production was altered as they vocalized. This 
experiment immediately followed the first experiment. The collar was not removed 
between experiments, but was loosened and allowed to rest on the participant’s chest. 
Auditory feedback of the participant’s own voice was presented through the insert 
earphones only and the bone conduction headphones were powered off. 
Participants completed two runs (40 trials each) of the auditory perturbation 
experiment. As in Experiment 1, the trial progression was presented to the participant on 
the computer monitor. Each trial began with a 1s cue period, marked by a ‘+’ on the 
screen, instructing the participant to prepare to vocalize. Following this period, the ‘+’ 
disappeared and was replaced by the letters ‘eee’, which was an instruction to vocalize 
and sustain the vowel /i/ for 4 seconds (vocalization period) using a comfortable loudness 
and pitch. Onset of the perturbation was jittered between 1.0 to 1.5 s (uniformly 
distributed) after the start of the vocalization period, and lasted for 1.0 to 1.5 s (uniformly 
distributed). Unperturbed trials were identical to perturbed trials except that no 
 
Figure 3.2: Epoch of a trial. LOUD FB = Visual feedback showing the sound pressure 
level of the participant’s voice on the trial, compared to their target baseline sound 
pressure level. 
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perturbation was applied. As the letters ‘eee’ disappeared from the screen, participants 
were instructed to cease vocalization, and they then received a 2 s rest period. As in 
Experiment 1, during 25% of trials, participants had the fo of their voice unexpectedly 
decreased by 100 cents. The perturbation was a formant-adjusted shift that preserved the 
produced formants, and only shifted fo. The mean processing delay between the 
microphone and the earphones was 15 ms (SD: 15 ms).  The perturbation was applied 
with a linear down ramp over a 110-ms period, and was released with a linear up ramp of 
150 ms. These ramp rates were chosen to approximately match those produced by the 
LDD inflation and deflation times, as determined in preliminary testing. The LDD 
inflation and deflation times recorded in Experiment 1, however, differ slightly from the 
preliminary testing (onset ramp 178 ms, offset ramp 250 ms), likely due to changes in 
balloon volume that developed during LDD design iterations. Participants received visual 
feedback about their sound pressure level during the rest period in the same manner as in 
Experiment 1.  
Acoustic Analysis 
Compensatory responses to the laryngeal and auditory perturbations were 
determined by measuring the fo in hertz over each trial using Praat2 (Version 6.0.43, 
Boersma & Weenink, 2018). The raw microphone recordings and extracted fo trace were 
inspected manually for issues with voice quality (e.g., vocal fry), time-series errors (e.g. 
                                                        
2Fundamental frequency was calculated in Praat using the autocorrelation function with a 0.001 s time step. 
The pitch floor and ceiling values were set to between 75 and 300 Hz for males, and 100 and 500 Hz for 
females. These ranges were adjusted (-50 Hz for males, +100 Hz for females) if a participant’s fo bordered 
the default range. The resultant fo trace was sampled from Praat in 1-ms intervals. 
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voice breaks), and loudness issues (e.g. low signal-to-noise ratio). A second, automated, 
quality-assessment step was implemented in MATLAB to identify voice errors that 
resulted in pitch-tracking issues. Trials with any of these errors were excluded from 
further analysis (5% trials removed).  
The baseline fo (fo_base) for each trial was found by taking the mean of the fo trace 
in the 500-ms period before perturbation onset. For the laryngeal perturbation, the onset 
was defined as the point in time when pressure in the balloon deviated from 0 psi using 
an algorithm that detected a step function in the pressure signal.. For the auditory 
feedback experiment, the onset time was defined as when the artificial fo shift was added 
to the earphones using an algorithm that detected a trigger signal from a NIDAQ channel 
meant to register the start of the artificial fo shift.. Each fo trace was then normalized and 
converted to cents using fo_base as the reference frequency. The analysis window of 
interest was from 500 ms before to 1000 ms after the perturbation onset. The fo traces 
within this window for all trials within a condition were averaged for each participant. 
Figure 3.3 shows examples of normalized fo traces from a representative participant. 
These traces are the mean across perturbed trials from the laryngeal (3A) and auditory 
(3B) perturbation experiments, and the following measures were extracted from these 
mean-trial traces. Four measures were extracted from each per-participant mean-trial 
laryngeal perturbation trace to define the dynamics of the response:  
1. Stimulus Magnitude (cents) captured the effect of the laryngeal perturbation on 
the participant’s fo, and was measured as the inverted difference in cents from the 
value of fo at the perturbation onset to the minimum value of fo within the 200 ms 
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following the perturbation onset. The 200-ms period following perturbation onset 
was chosen to detect the lowest point in the fo trace because participants in pilot 
testing reached the lowest point in the curve before the end of the rise time (178 
ms, SD =  9 ms). A minimum stimulus magnitude of 20 cents was required to 
determine that the perturbation was applied to the neck as intended. This 
threshold was met for all except two participants; these two had all of their 
laryngeal perturbation response data removed from further analysis. Their data 
were retained for the auditory perturbation response results. 
2. Response Magnitude (cents) measured the participant’s change in fo following the 
stimulus against the neck, and was calculated as the difference in fo from the 
minimum value of fo within the 200 ms following perturbation onset to the mean 
value of fo between 0.8 and 1 s after perturbation onset. This time period 
represents a stable portion of the fo trace where participants were likely to have 
reached their maximum level of compensation for the stimulus. 
3. Response Percentage (%) captured the amount the participant was able to recover 
their fo_base following the onset of the perturbation, and was measured as the ratio 
between Response Magnitude and Stimulus Magnitude 
(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
× 100%).  
4. Response Latency (seconds) captured how quickly the participant began 
compensating for the perturbation. Response Latency was estimated as the time at 
the minimum value of the fo trace within 200ms relative to the perturbation onset. 
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For the auditory perturbation experiment, one measure was calculated from each per-
participant mean-trial trace to characterize the magnitude of the response: 
1) Response Percentage (%) captured the amount the participant was able to recover 
their fo_base following the onset of the perturbation. To estimate this variable, we 
first defined a variable of Response Magnitude, which measured the participant’s 
change in fo following the stimulus heard in the earphones. This was calculated as 
the difference in fo from the value of fo at the perturbation onset to the mean value 
of fo between 0.8 and 1 s past the perturbation onset. We also defined a variable 
Stimulus Magnitude which captured the effect the perturbation on the participant’s 
fo, in this case 100 cents for all perturbed trials. Response Percentage was 
measured as the ratio of Response Magnitude and Stimulus Magnitude 
(𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒
× 100%).  
 
Figure 3.3: Examples of normalized fo traces from the mean of perturbed trials. Panel A: The 0-time point 
indicates the onset of the LDD inflation. Stimulus Magnitude is the absolute difference between the orange square 
and the purple triangle. Response Magnitude is defined as the difference in fo between the purple triangle and the 
green dot (mean value of fo within green area). Response Percentage is the ratio of Response Magnitude/Stimulus 
Magnitude×100%. Response Latency is the time point at the purple triangle. Panel B: The 0-time point indicates 
the beginning of the artificial pitch-shift heard in the earphones during perturbed trials. Response Magnitude is 
defined as the difference in fo between the orange square and the green dot (mean value of fo within green area). 
Response Percentage is the ratio of Response Magnitude/100 cents×100%. All measures were calculated from the 
mean-trial trace for each participant.  
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Statistical Analysis 
All statistical analyses were conducted using MATLAB 2019a and significance 
was assessed at an alpha-level of .05. Parametric test assumptions were assessed and met 
for all models. The first set of analyses examined responses to the laryngeal perturbation 
experiment. The presence of compensatory responses (i.e., Response Magnitude, 
Response Percentage differing from 0) was assessed using 1-sample t-tests for each 
condition (With and Without Masking) separately. The effect of auditory masking on 
Stimulus Magnitude, Response Magnitude, and Response Percentage was evaluated 
using Bonferroni-corrected paired t-tests, and an additional paired t-test assessed the 
effect of auditory masking on Response Latency. A Pearson correlation was used to 
examine whether the contribution of auditory feedback to the laryngeal perturbation 
response was related to the JND scores. The contribution of auditory feedback was 
calculated as the difference in Response Percentage recorded for each participant in the 
laryngeal perturbation conditions With and Without Masking. 
The second set of analyses examined responses to the auditory perturbation 
experiment and compared these responses to the laryngeal perturbation experiment. First, 
the presence of compensatory responses (Response Percentage differing from 0) was 
assessed using a 1-sample t-test. Second, Response Percentage in the auditory 
perturbation experiment was compared to the laryngeal perturbation conditions With and 
Without Masking using two Bonferroni-corrected paired t-tests. A Pearson correlation 
was used to assess the relationship between Response Percentage in the laryngeal 
perturbation condition With Masking and the auditory perturbation experiment. A final 
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correlation analysis examined the relationship between Response Percentage measured in 
the auditory perturbation experiment and the JND scores. 
 Results 
Experiment 1: Laryngeal Perturbation 
Figure 3.4 shows the mean normalized fo traces (across 16 participants) by condition from 
the laryngeal perturbation experiment, centered at the onset of the perturbation. Table 1 
summarizes the four dependent variables by condition that were extracted from the 
normalized fo traces. Response Magnitude and Response Percentage in the conditions 
both With and Without Masking were significantly greater than 0: Response Magnitude, 
Without Masking (t(15) = 6.34, p < .001), Response Magnitude, With Masking (t(15) = 
7.39, p < .001), Response Percentage, Without Masking (t(15) = 19.45, p < .001), 
Response Percentage, With Masking (t(15) = 20.33, p < .001). On average, participants 
compensated for 95% of the perturbation in the condition Without Masking and 76% in 
the condition With Masking.  
There were significant differences between the two conditions for Stimulus 
Magnitude (t(15) = -4.41, p < .001) and Response Percentage (t(15) = 7.71, p < .001), but 
not for Response Magnitude (t(15) = -0.32, p = .7). On average, Stimulus Magnitude was 
larger for the condition With Masking and Response Percentage was larger for the 
condition Without Masking. Finally, there was a significant difference between the two 
conditions for Response Latency (t(15) = -2.61, p = .020); Response Latency was 10 ms 
faster for the condition Without Masking.  
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Figure 3.4: Upper Panel: Mean-participant fo traces by condition (black = control, blue = Without 
Masking, red = With Masking) at the onset of the laryngeal perturbation. Error bounds are the 95% 
confidence interval. The dotted orange trace is the mean pressure inside the balloon during all perturbed 
trials (both conditions). Lower Panel: Zoomed view to highlight the time period when the above traces 
from the two perturbed conditions begin to diverge.  
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A correlation analysis between fo acuity (JND scores) and the effect of auditory 
feedback on Response Percentage (i.e., the difference between Response Percentage in 
the conditions With and Without Masking) was not significant (r = 0.16, p = .564).  
 
Experiment 2: Auditory Perturbation 
Figure 3.5 shows mean normalized fo traces (across 18 participants) by condition 
in the auditory perturbation experiment, centered at the onset of the perturbation. Table 1 
(third row) summarizes Response Percentage extracted from the per-participant mean-
trial traces. The mean value of Response Percentage for the auditory perturbation was 
47%, which was significantly greater than 0 (t(17) = 9.31, p < .001) but significantly 
smaller than Response Percentage for the LDD perturbation in the conditions both 
Without Masking (t(15) = 8.08, p < .001) and With Masking (t(15) = 9.24, p < .001) (see 
Figure 3.6).  
Table 3.1: Summary statistics of the behavioral measures from the onset of the laryngeal perturbation in the conditions 
With and Without Masking (Experiment 1) and the onset of the auditory perturbation (Experiment 2). Values reported 
are the across-participant mean (standard deviation). 
Condition 
Stimulus 
Magnitude (cents) 
Response 
Magnitude (cents) 
Response 
Percentage (%) 
Response 
Latency (s) 
Laryngeal Perturbation: Without Masking 74.91 (51.95) 67.34 (42.51) 95.34 (19.61) 0.09 (0.02) 
Laryngeal Perturbation: With Masking 91.52 (53.31) 68.79 (37.23) 75.96 (14.94) 0.10 (0.02) 
Auditory Perturbation N/A N/A 47.23 (21.53) N/A 
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A correlation analysis examining the relationship between Response Percentage 
measured from the laryngeal perturbation condition With Masking and from the auditory 
perturbation experiment was not significant (r = 0.29, p = .278). A final correlation 
analysis revealed no relationship between Response Percentage and fo acuity (r = -.15, p 
= .540).  
 
  
 
Figure 3.5: Mean-participant fo traces as produced (microphone) and heard through the earphones (i.e., fo 
produced plus the perturbation) for the control and shifted conditions (Black and Blue respectively) at the 
onset of the auditory perturbation. The shaded error bounds are the 95% confidence interval. The dotted 
orange trace represents the level that fo was artificially shifted in the earphones during perturbed trials. 
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Discussion 
The current study used an unexpected perturbation paradigm to probe 
somatosensory and auditory feedback control during voice production. In the first 
experiment, mechanical perturbations of the larynx were applied under two conditions 
that varied the presence of auditory feedback, thus allowing dissociation of the 
contributions of somatosensory and auditory feedback control to the compensatory 
responses observed in this paradigm. A second experiment was conducted with the same 
 
Figure 3.6. Boxplots of Response Percentage values recorded from the Laryngeal Perturbation 
Experiment (Without Masking, With Masking), and the Auditory Perturbation experiment. On a 
given box plot, the red line represents the median value, the box ranges from the 1st to the 3rd 
quartile and the whiskers span data points within the 1.5 interquartile range (IQR). ‘+’ indicates 
data points that lie beyond 1.5 IQR. No outliers were removed from statistical analyses. The ‘*’ 
indicates significant differences (p < .001) between conditions. 
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participants using a purely auditory perturbation to allow comparisons of the magnitude 
of compensatory responses to auditory versus laryngeal perturbations. The results 
revealed key features of the two feedback control processes during vocalization. 
Specifically, both auditory and somatosensory feedback control mechanisms were shown 
to contribute significantly to the magnitude and timing of the compensatory response to a 
laryngeal perturbation. To our knowledge, this is the first demonstration that both 
auditory and somatosensory mechanisms contribute to the compensatory response to a 
mechanical perturbation of the larynx during speech. Furthermore, the magnitude of 
compensation varied as a function of perturbation modality, with the greatest 
compensatory response percentage observed in the laryngeal perturbation experiment 
when auditory feedback was available (~94% compensation), a somewhat decreased 
response to the laryngeal perturbation when auditory feedback was unavailable (76% 
compensation), and an even smaller response when only auditory feedback was perturbed 
(47%). Finally, the magnitude of compensation was not correlated across participants 
between the two sensory domains, and the variation in responses across participants in 
neither production experiment was explained by fo acuity.  
Auditory feedback control contributes to compensatory response during laryngeal 
perturbations 
Results of the laryngeal perturbation experiment demonstrated that participants 
were able to compensate to mechanical perturbations of the larynx, even when auditory 
feedback was masked. This finding provides clear evidence that the somatosensory 
feedback controller is involved in detecting and compensating for laryngeal 
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perturbations. Previous laryngeal perturbation studies (Loucks et al., 2005; Sapir et al., 
2000) did not isolate somatosensory feedback control since participants could hear their 
altered pitch when perturbations were applied in addition to sensing the effects of the 
perturbation through tactile and/or proprioceptive feedback. In the current study, when 
auditory and somatosensory feedback were both available, participants compensated for 
95% of the perturbation on average, compared to 76% when only somatosensory 
feedback was available. This difference in response magnitude was statistically 
significant, indicating that auditory feedback control mechanisms also contribute 
substantially to the compensatory response to a laryngeal perturbation. Notably, there 
was no correlation between the increase in compensation when auditory feedback was 
available (i.e., Response Percentage in the condition Without Masking minus Response 
Percentage in the condition With Masking) and the participants’ fo acuities as measured 
in a JND task. Thus, although one might expect participants who can better detect fo 
differences to show a bigger increase in compensation when auditory feedback was 
available, no such relationship was found.  
Significant differences were also found between conditions for two additional 
behavioral measures: the magnitude of the peak fo deflection caused by the onset of 
perturbation (Stimulus Magnitude) and the delay between perturbation onset and this 
peak deflection, both of which were larger in the condition, Without Masking than the 
condition With Masking.  These differences could be attributed to the fact that the 
condition Without Masking invoked responses from both the somatosensory feedback 
control system and auditory feedback control system, whereas the condition With 
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Masking invoked a response from only the somatosensory feedback control system. 
Because the neuromuscular system cannot instantaneously change muscle lengths, the 
compensatory response only gradually builds up after perturbation onset. The lowest 
point of the fo trace within 200 ms of the perturbation onset represents the point in time 
when the instantaneous rate of fo increase due to the compensatory response exactly 
equals the instantaneous rate of fo decrease due to the perturbation. If the size of the 
compensatory response is increased (as in the condition Without Masking), this point 
occurs earlier in time, thereby accounting for the observation that the maximum deviation 
of fo occurred 10 ms earlier in the condition Without Masking than the condition With 
Masking. This in turn means that the downward trend in fo continues for a longer time in 
the condition With Masking, resulting in a larger maximum fo deviation from baseline in 
this condition.  
Interestingly, the mean fo trajectories for the conditions With and Without 
Masking are nearly identical until approximately 30 ms after perturbation onset. This 
(qualitative) observation is consistent with the finding from prior auditory feedback 
studies indicating that evidence of the auditory feedback controller’s response to an 
auditory perturbation is delayed by approximately 100–150 ms from perturbation onset 
(Hain et al., 2000; Purcell & Munhall, 2006), compared to a response delay of 
approximately 25–75 ms for somatosensory feedback control (Abbs & Gracco, 1984; 
Ludlow, Van Pelt, & Koda, 1992). This is likely due to delays associated with neural 
processing of auditory feedback and transmission of corrective commands to the motor 
periphery (see Guenther, 2016 for a detailed review). 
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Percent compensation for laryngeal perturbations is larger than for auditory 
perturbations 
As predicted by several current computational models of speech (Guenther, 2016; 
Hickok, 2012; Houde & Nagarajan, 2011; Parrell, Ramanarayanan, et al., 2019), the 
responses to the laryngeal perturbation (measured as a percentage of the perturbation 
magnitude) in conditions both With and Without Masking were significantly larger than 
the response to the auditory perturbation. According to these models, this is because 
auditory and somatosensory feedback control compete with each other when an auditory 
perturbation is applied but not when a laryngeal perturbation is applied. More 
specifically, the models predict that the largest compensation should occur for the 
condition Without Masking in the laryngeal perturbation experiment, when the two 
controllers act in concert to compensate for the perturbation. In this condition participants 
achieved near-complete compensation (92% on average). The next largest compensation 
should occur for the condition With Masking in the laryngeal perturbation experiment, 
when only the somatosensory feedback controller contributes to compensation; this 
condition yielded an average compensation of 73% in Experiment 1. Finally, the smallest 
compensation should occur for the auditory feedback perturbation in Experiment 2 
(which resulted in 47% compensation), since the compensatory commands generated by 
the auditory feedback controller will be resisted by the somatosensory feedback 
controller since they move the actual fo (which is sensed by the somatosensory system) 
away from the target fo. Our experimental findings thus provide strong support for these 
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model-based hypotheses regarding the contributions of auditory and somatosensory 
feedback control during vocalization.  
The DIVA model further predicts that sensory modalities require lower gain when 
the delays to detect and correct for errors are longer, relative to modalities with shorter 
response times.  In a slow responding system, high gains would mean that the feedback 
controller may overcompensate for an error long after the error had occurred, leading to 
unstable behavior such as oscillations. In keeping gains low for slow-reacting controllers, 
compensatory behavior may be incomplete but will rarely overshoot the target (Guenther, 
2016). Consistent with this prediction, these results showed that the contribution of 
somatosensory feedback control (faster responding controller) was greater than auditory 
feedback control (slower responding controller) in the laryngeal perturbation experiment. 
A 100 cent shift was chosen for the auditory perturbation to approximate stimulus 
magnitude values recorded in pilot testing of the laryngeal perturbation in the condition 
With Masking, which isolates somatosensory feedback control. However, the average 
purely somatosensory perturbation magnitude recorded in the current experiment was 92 
cents, which is slightly smaller than the 100 cent auditory perturbation magnitude. This 
small difference in magnitude is not likely to affect the size of the compensatory response 
(measured as a percentage of the perturbation size); for example, Liu & Larson (2007) 
found no significant difference in response magnitude for perturbations of fo unless the 
perturbation magnitudes differed by more than 20 cents. 
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The magnitudes of compensatory responses to laryngeal and auditory perturbations were 
not correlated with each other nor with auditory acuity 
A prior study involving sensorimotor adaptation in response to predictable 
auditory and laryngeal perturbations of formant frequencies (Lametti et al., 2012) 
identified an inverse relationship across participants between the amounts participants 
compensate for the somatosensory perturbation and the auditory perturbation. This 
finding was interpreted as evidence that participants tend to have a “sensory preference”, 
with some responding more strongly to auditory perturbations and others responding 
more to somatosensory perturbations. In the current study we found no evidence for such 
an inverse relationship; the amount participants compensated for the laryngeal 
perturbation was not correlated with the amount they compensated for the auditory 
perturbation.  However, there were several major differences between the current study 
and Lametti et al. (2012).  
One such difference between these studies, is that the perturbations in this study 
affected fo rather than formant frequencies, raising the possibility of different control 
mechanisms for fo compared to formants. Previous evidence suggests that different parts 
of speech are affected differently by auditory feedback. Perkell and colleagues (2007) 
showed that postural parameters (such as fo and duration) are strongly influenced by 
auditory feedback, whereas segmental parameters (formant frequencies) are more slow to 
respond to changes in auditory feedback (Perkell, Denny, et al., 2007; Perkell, Lane, 
Svirsky, & Webster, 1992). An additional difference between Lametti el al. (2012) and 
the current study, is that the current study involved within-trial responses to unpredictable 
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perturbations, whereas Lametti et al. (2012) measured adaptive changes in formants 
across many consecutive productions involving predictable perturbations. It is entirely 
possible that sensorimotor adaptation mechanisms, which operate over a longer time 
scale, have different properties than within-trial reflexive mechanisms that occur over 
tens of milliseconds (Guenther, 2016). A final difference between these studies can be 
found in that Lametti et al. (2012) utilized a paradigm in which both auditory and 
somatosensory perturbations were applied simultaneously, whereas the current study 
presented the two perturbation types in different experimental tasks. Applying the 
perturbations simultaneously, sometimes in opposition to each other, may increase the 
likelihood that participants favor one sensory modality over another.  
Evidence of sensory preference has been reported in other sensory domains, 
particularly in experiments contrasting visual and haptic feedback modalities (Ernst & 
Banks, 2002; Heller, Calcaterra, Green, & Brown, 1999). These studies have shown that 
a given sensory modality is more dominant during a task when the feedback is more 
appropriate (less variance in information) to the experimental condition (e.g., visual 
feedback compared to haptic feedback in an object size discrimination task). This 
ultimately suggests that sensory preference may not only or necessarily be a stable 
characteristic of an individual but also task-dependent. In the context of vocal motor 
control studies, the experimental tasks might present a bias to elicit a dominance for a 
sensory modality, but this preference may not generalize to all vocalization situations. 
Further studies are needed to elucidate the nature of sensory preference in voice motor 
control. 
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The finding that auditory acuity was not associated with the amount of 
compensation in the auditory or laryngeal perturbation experiments is somewhat 
surprising since we expected individuals with better auditory acuity to be more sensitive 
to auditory errors and therefore produce larger compensatory responses. Several current 
models of speech motor control (Guenther, 2016; Hickok, 2012; Houde & Nagarajan, 
2011; Parrell, Ramanarayanan, et al., 2019), predict that speakers with finer acuity have a 
smaller acceptable target range for feedback, and therefore are more likely to detect and 
correct for errors when feedback is perturbed. Although some past sensorimotor 
adaptation studies have found significant correlations between auditory acuity and 
adaptive responses to formant perturbations (e.g., Villacorta et al., 2007; Martin et al., 
2018), there are others that have not (Feng, Gracco, & Max, 2011). Further, to the best of  
our knowledge, only one prior study reported examining the same relationship for within-
trial reflexive responses to formant perturbations and found no relationship (Cai et al., 
2012), and no other published studies have explored the relationship between auditory 
acuity and reflexive responses to perturbations of fundamental frequency. It is possible 
that the longer time scale of sensorimotor adaptation studies, which typically involve 
many more trials than studies of reflexive responses, may provide more statistical power 
to identify such correlations in the face of significant trial-to-trial response variability. 
Alternatively, there may in fact be no relationship between auditory acuity and within-
trial compensatory response magnitude. It is also possible that a participant’s ability to 
detect differences in auditory stimuli does not necessarily reflect on their ability to 
correct for errors in their production. Future research is needed to investigate this issue. 
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An important consideration when interpreting the lack of a demonstrated 
relationship between acuity and compensatory response is the method with which we can 
measure acuity, such as the JND task used in this study. These methods rely on 
individuals consciously detecting and responding to differences in auditory stimuli, and 
may be affected by any number of study details (design, order of stimuli, ISI) (McGuire, 
2010). Event-related potential (ERPs), measured using electroencephalography (EEG) are 
a potential alternative method to assess auditory acuity (Behroozmand, Sangtian, 
Korzyukov, & Larson, 2016; Scheerer, Behich, Liu, & Jones, 2013; Scheerer & Jones, 
2018a). The first positive peak (P1) response of the ERP is condidered to reflect the 
ability to detect a predicted or unpredicted stimuli, and does not require individuals to 
consciously detect or respond to differences in auditory stimuli. The P1 reponse has been 
shown to be related to the early detection of general change (not necessarily pitch-shifts) 
in auditory feedback (Chait, Simon, & Poeppel, 2004; Nakagawa, Otsuru, Inui, & Kakigi, 
2014). An additional measure of perception that can be captured during the perturbation 
paradigm is to simply ask participants following each vocalization whether or not they 
heard a shift in their production. This type of experiment found an effect of perturbation 
size on participant’s ability to detect the change (Scheerer & Jones, 2018a). Future work 
could use these modes of detection to study their relationship with the level of 
compensation to auditory perturbations, and help to shed light on the relationship 
between production and perception of changes in auditory feedback. 
  
67 
Limitations and future directions 
 One limitation of the current study is that we were unable to standardize the 
stimulus magnitude of the laryngeal perturbation across individuals. The force being 
applied by the collar in the LDD was controlled by regulating the pressure in the balloon 
and standardizing the size of the balloon during manufacture. However, since the 
anatomy of each participant’s neck and larynx varied, the resulting Stimulus Magnitude 
also varied. This potential confound was mitigated within participants by having the LDD 
in a constant position between masking conditions as well as counter-balancing the order 
of the conditions. To best compare responses across participants, we defined the 
compensatory response (Response Percentage) as a function of the Stimulus Magnitude 
each participant received.  
A further limitation of the current study is that the full effect of the laryngeal 
perturbation on fo could not be measured directly; instead, it was estimated by the peak 
deviation from baseline fo. However, as described above, this peak deviation depends not 
only on the perturbation, but also on the early component of the compensatory response. 
As a consequence, the actual deviation in fo that would be caused by laryngeal 
displacement in the absence of feedback control processes was almost certainly larger 
than the peak deviation measured herein. However, this consideration implies that our 
measure for percent compensation was a conservatively low estimate of the percentage of 
compensation to the true fo deviation caused by the perturbation. Thus, our conclusion 
that compensatory responses to laryngeal perturbations are smaller than responses to 
auditory perturbations remains valid.  
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Finally, the current findings cannot discern (i) the exact nature of the 
displacement of the perturbation (and how much this varied between participants) or (ii) 
the muscles responsible for the compensatory responses observed in this study. While the 
video laryngoscopy investigation ruled out a full mechanical rebound of the larynx to its 
normal position as the source of the compensatory response, the lack of 
electromyographic (EMG) recordings from the extrinsic and intrinsic laryngeal 
musculature in the current study precludes determining which muscles were responsible 
for the compensatory adjustments. Although EMG recordings obtained by Loucks et al. 
(2012) suggest that the primary intrinsic muscles associated with fo adjustments (the 
thyroarytenoid, sternothyroid, and cricothyroid muscles) were not responsible for the 
compensatory response in fo for a laryngeal perturbation similar to the one applied here, 
further research is required to identify which muscles were responsible for these 
compensatory adjustments. 
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Supplemental Material 
Laryngeal Displacement Device (LDD) 
Video Laryngoscopy  
A subset of five participants took park in a laryngoscopic investigation of the 
laryngeal perturbation task. The experimental setup was the same as Experiment 1, with 
the addition of a flexible endoscope (Digital Stroboscopy System; Kay Elemetrics), a 
Kay-Pentax lapel microphone, and a halogen light source. Participants were given five 
pumps of Afrin nasal decongestion spray to clear the nasal passage and lubricant was 
applied to the endoscope to aid insertion. The endoscope was inserted through the right 
nostril, past the velopharyngeal port, and placed just above the back of the tongue in 
order to capture the motions of the laryngeal anatomy during the task. The endoscope 
was held at a height just behind the back of the tongue to view the full anatomy of the 
 
Figure 3.S1: The collar and balloon of the LDD. Panel A 
depicts the balloon full inflated. Panel B depicts the balloon 
full deflated and fitted to an experimenter’s neck. 
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epiglottis, arytenoids, and pyriform sinus. Digital video data were collected at 30 fps with 
720 x 540 pixel sized frames and were recorded in tandem with the audio data. 
Participants completed 10 trials of the vocalization task (as in Experiment 1) and had the 
laryngeal perturbation applied on all 10 trials. 
Each trial of the laryngoscopy session had a video of length of 120 frames (4 s at 
30 fps). Ten trials were collected for each participant. From this set, 5 videos were chosen 
from each participant based on the following criteria: (i) minimal frame-to-frame 
movement of the visual scene due to scope movement; (ii) significant coverage of 
laryngeal structures in every frame; (iii) minimal distance from the larynx (i.e., maximum 
size of the laryngeal structures in the images), and (iv) noticeable movement of the 
laryngeal structures relative to the surrounding tissue over the course of the trial. 
Inspection of the resulting videos indicated that the primary perturbation-induced effect 
visible from the scope was an expansion of the size of arytenoids in the image, consistent 
with upward movement (toward the scope). We speculate that this upward movement 
(seen in most participants) at the top of the larynx is the result of a rostrally oriented 
rotation of the larynx induced by posterior movement at the laryngeal prominence, but 
the limited view from the scope is insufficient to verify this speculation. Nonetheless, the 
visible expansion of the laryngeal structures during perturbation provides a measure of 
the gross effect of the perturbation that is sufficient for eliminating the possibility that 
compensatory pitch adjustments were simply due to the larynx returning to its starting 
position shortly after perturbation onset. 
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We developed a procedure aimed at quantifying the enlargement of the laryngeal 
structures in the images that occurred due to upward movement. To begin this procedure, 
a single video coder first watched a given video (trial) in real time to identify candidate 
fiduciary points on the visible laryngeal structures that met two criteria: (i) the fiduciary 
point was clearly identifiable in all frames of the video, and (ii) it displayed variation in 
position over the course of the trial. The coder was asked to choose three pairs of such 
points on the first frame of the video; each pair of points defining a line segment; Line1, 
Line2, and Line3 (see example frame in Figure 3.S2). The coder then manually scrolled 
through the video, frame by frame, and marked the new position of the fiduciary points in 
the subsequent frames. As the position of the fiduciary points changed between frames, 
the length of the line segments (in pixels) also changed. Ultimately, a fully coded trial 
described the time series change in length of each line segment, which captured a general 
measure of the laryngeal movement present in the trial. Due to substantial cross-
participant and cross-trial variability in which anatomical structures were visible, it was 
not possible to use fiduciary points corresponding to the same anatomical structures in all 
videos. The choice of three pairs of fiduciary points per trial, rather than a single pair, 
was made to decrease sensitivity to small errors in identifying the same point in every 
frame of the video and to increase overall coverage of the laryngeal structures when 
calculating the movement index. The coder was blind to onset/offset time of the 
perturbation during the manual coding process, but was given the perturbation 
onset/offset time information when viewing the real-time video during fiduciary point 
selection.  
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The time series for each line segment were time aligned with respect to the onset 
of perturbation and cropped to a window extending 500 ms before perturbation to 1000 
ms after. Each time series was then smoothed with a 0.1 s sliding window, and the 
baseline length of the line segment was estimated as the mean length in the 15 frames 
(500 ms) preceding the onset of laryngeal perturbation. Finally, each line segment time 
series was zero-meaned by subtracting its baseline length from the measured length at 
each frame in the trial. This process was repeated for all five trials per participant, and the 
time-series length measurements of all line segments were averaged across trials, and 
then averaged across line segments, and finally averaged across all participants. The 
culmination of these averages produced a single measure of gross laryngeal movement 
(movement index) as a function of time relative to perturbation onset. A subset of 3 trials 
from three different participants were re-coded by the same coder (12% of the originally 
 
Figure 3.S2: Example video frame from the fiduciary point coding procedure. The three line 
segments are defined by three sets of points that are marked in subsequent frames. The changes 
in length of the line segments are tracked across frames within a trial. 
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coded trials; starting from the same initial fiducial points in the initial frame) to obtain a 
measure of intra-rater reliability. Reliability was assessed using a Pearson’s correlation 
between the value of the Euclidian distance measured in the first and second coding 
sessions. The intra-coder reliability was found to be strongly correlated (r = 0.99, p < 
.001), with a mean difference of 2.38 pixels (SD = 5.66 pixels) between coding sessions. 
The mean movement index is plotted in Figure 3.S3 (aligned to perturbation onset). 
Despite the relatively coarse nature of the movement measures, the movement index (in 
blue) clearly indicates a distinct pattern of movement compared to the corresponding fo 
traces (magenta): whereas the mean fo trace reverses direction back toward baseline after 
initial displacement due to the perturbation, the mean length of the fiduciary line 
segments increases monotonically after perturbation onset. 
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Figure 3.S3: Mean laryngeal movement index (green line) aligned to the onset of the LDD inflation (vertical 
line) contrasted with the mean change in fo (blue line). The perturbation remains on through the entire 
period of 1 s following perturbation onset. Shading indicates 95% confidence interval. The orange trace 
represents the mean pressure inside the balloon during all perturbed trials (units not shown, but range from 
0 to 3.8 psi).  
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
The experiments in this thesis were aimed at dissociating the roles of auditory and 
somatosensory feedback in vocal motor control, defining their interactions in the control 
of fundamental frequency, and investigating the mechanisms involved with correcting for 
errors in sustained vocal utterances. This work will guide future models of vocal motor 
control and provide a reference for studies looking to investigate these behavioral 
responses in populations with voice disorders.  
A major finding of this dissertation was that healthy participants compensated for 
laryngeal perturbations when their auditory feedback was masked. The results of the 
laryngoscopy investigation indicated that the compensatory response in fo was not simply 
a rebound effect of displaced elastic tissue. Due to the auditory feedback masking, we can 
conclude that the somatosensory feedback controller was responsible for the 
compensation in this condition. We also found that the amount of compensation to 
laryngeal perturbations depended on whether auditory feedback was masked or not, with 
a larger compensatory response when auditory feedback was available. This difference in 
responses with and without masking demonstrates that, in addition to somatosensory 
feedback control, auditory feedback control mechanisms also contribute to the response 
when auditory feedback is available. 
Additional findings further address the relationship between auditory and 
somatosensory feedback control mechanisms. First, compensations to auditory 
perturbations were significantly smaller than compensations to laryngeal perturbations – 
even when the auditory perturbations were of approximately the same magnitude and 
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velocity as the laryngeal perturbations. Second, while a previous study showed a sensory 
preference for feedback in either the auditory or somatosensory domain during speech, 
the results from the current work did not reveal such a preference in vocal motor control. 
Further, while the DIVA model suggests that individuals with greater auditory acuity 
should more readily detect errors in their production and thus compensate more fully to 
perturbations, our findings found no such correlation between acuity and compensation.  
One limitation of this work concerns the lack of a complete characterization of the 
effect of the perturbation in terms of the positions of laryngeal structures and 
musculature. The video endoscopy recorded gross change in the position of the 
arytenoids, but was unable to capture how the vocal folds changed in length or position. 
Future experiments may consider using a video camera with a higher resolution to 
capture more detail than the one used in these experiments. Another approach to 
answering this question could involve real-time magnetic resonance imaging (MRI) of 
the larynx during a mechanical perturbation, revealing a three-dimensional representation 
of the anatomy during voicing (Oh & Lee, 2018). Real-time MRI would be especially 
useful to observe the movement and compensatory action of structures which are not 
visible during a standard endoscopy examination. 
Another limitation concerns the lack of measurements of muscle activity in the 
current study. Previous studies examining EMG response to laryngeal perturbations did 
not find activation in the intrinsic muscles CT or TA, and only found inconsistent 
activation of the extrinsic muscle ST (Loucks et al., 2005). However further research will 
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be needed to determine the degree to which low-level stretch reflex responses interact 
with higher-level control mechanisms in compensating for laryngeal perturbations. 
As mentioned above, the current study did not find a relationship between the 
levels of compensation to the auditory and laryngeal perturbations among our 
participants. A previous speech sensorimotor adaptation study (Lametti et al., 2012) has 
shown that participants compensate more strongly to shifts of one form of feedback, 
while responding less strongly to the other; suggesting a preference for a feedback 
modality. One possible explanation for this difference is that the current study involved 
online compensation to unexpected auditory and somatosensory perturbations, which 
may behave somewhat differently than the adaptive mechanisms responsible for 
adaptation to a sustained perturbation as used by Lametti et al (2012). A second 
difference is that Lametti et al. applied perturbations to formant frequencies and to the 
jaw, as compared to our laryngeal fo perturbation. Differences in the control of fo versus 
formant frequencies have been noted in prior studies (Perkell, Lane, et al., 2007) Another 
difference in Lametti et al, (2012) is that jaw and formant perturbations were applied 
simultaneously in that study, as opposed to the current study’s use of separate auditory 
and laryngeal perturbation blocks. Additional study is needed to further elucidate the 
degree to which subjects show preferences for auditory or somatosensory feedback 
control across experimental paradigms and controlled auditory parameters.  
Finally, further research is needed to clarify the degree to which sensory acuity 
affects one’s ability to compensate for sensory perturbations. The current study did not 
find a relationship between auditory acuity and amount of compensation. While the 
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DIVA model suggests   such a relationship should exist since better auditory acuity 
should provide better ability to detect auditory errors, this relationship has only been 
found in some sensorimotor adaptation studies (Martin et al., 2018; Villacorta, Perkell, & 
Guenther, 2007) but not others (Feng et al., 2011) and, to our knowledge, has not been 
found in any unexpected perturbation studies such as the current study. Although not 
assessed in this dissertation, somatosensory acuity has been explored in relation to 
responses in a somatosensory adaptation task (Feng et al., 2011). Feng el al. did not 
measure a significant correlation between the level of participant adaptation to a jaw 
perturbation and somatosensory acuity (Feng et al., 2011). However, somatosensory 
acuity has been shown to relate to degree of contrast between sibilants (Ghosh et al., 
2010), suggesting that one’s ability to differentially produce some speech sounds depends 
to some degree on somatosensory acuity. Again, further study is needed to clarify the 
relationship between somatosensory acuity and compensatory responses to mechanical 
perturbations of the larynx and other speech articulators. 
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APPENDIX I: Perturbation Offset 
The analyses presented in this thesis focused on the onset period of the 
perturbation. While the majority of perturbation studies report on this period (Burnett et 
al., 1998; Sapir et al., 2000), examining the offset of the perturbation (when the 
perturbation is removed) can also provide an insight into the motor control processes 
involved in voice production. Auditory perturbation studies characterizing the offset 
period have shown that, rather than simply returning to baseline levels of production, 
participants compensate in the direction opposite their initial compensation (Larson, 
Altman, Liu, & Hain, 2008). The DIVA model helps to explain the response to offset in 
that the feedback controller identifies a feedback state differing from the expected state 
(in this case in the opposite direction as the perturbation), and reacts to correct the 
deviation (Guenther, 2016). More recently, an experiment was conducted where the fo 
shift was present in auditory feedback as the participant began voicing and was then later 
removed (Scheerer & Jones, 2018b). The results indicated that participants still 
compensated for the change in fo, even when they were not at their baseline fo (Scheerer 
& Jones, 2018b). A similar offset response has been reported in one previous laryngeal 
perturbation experiment (Loucks et al., 2005). Specifically, the findings showed that 
when the perturbation was removed, fo increased initially above the baseline, and then 
decreased towards baseline. The relative contribution of auditory and somatosensory 
feedback control processes, however, have not yet been quantified for the offset response. 
The perturbation experiments reported in this thesis required participants to 
sustain vocalization from before the onset of the perturbation to approximately 1s after 
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the perturbation was removed. Future analyses will be conducted to quantitatively 
examine the perturbation offset responses in each experiment. Here, the data are 
presented descriptively. All methods regarding participants, experimental design, data 
collection, and data processing can be referred to in the previous chapters. Measurements 
of the offset response have not yet been formalized or extracted. 
Figure A1.1 details the mean participant fo traces in the offset period from the 
experiment testing the effect of masking noise on vocal response to laryngeal 
perturbations. (Chapter 2). The mean perturbed fo traces in each condition start below or 
at 0 cents and then increase above 0 cents when the perturbation is removed at time = 0s. 
Following this initial increase, each fo trace decreases again towards 0 cents. We 
hypothesize that the mechanisms that were employed to raise pitch to compensate for the 
initial onset of the laryngeal perturbation are still in place when the perturbation is 
removed, and as a result fo is raised above the baseline level. This increased fo results in 
an error being detected and subsequently corrected with the participant recompensating 
and loosening their vocal folds to decrease their fo back to baseline. The pattern of results 
is similar across all three conditions (Without Masking, With Masking (Air), With 
Masking (Air/Bone), however the magnitude of the offset response appears reduced in 
the condition With Masking (Air/Bone). This smaller response parallels the smaller 
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(although not statistically significant) response observed in this condition at the onset of 
the perturbation, relative to the other conditions. 
Figure A1.2 represents the mean participant fo traces in the offset period from the 
experiment examining the effect of auditory feedback on vocal responses to laryngeal 
perturbations (Chapter 3). The mean perturbed fo traces in each condition start below or at 
0 cents and then increase above 0 cents when the perturbation is removed at time = 0s. 
Following this increase, each fo trace begins to settle back towards 0 cents. Like in the 
previous figure, we hypothesize that the mechanisms that were employed to raise fo are 
still being employed when the perturbation is removed, allowing fo to rise above baseline. 
The resulting return to baseline, is a disengaging of those compensatory measures. The 
magnitude of the responses appears similar in both conditions, however there may be a 
 
Figure A1.1: Mean-participant (n = 12) fo traces by condition (black = Control, blue = Without 
Masking, red = With Masking (Air), green = With Masking (Air/Bone)) at the offset of the laryngeal 
perturbation (Chapter 2). Shading indicates the 95% confidence interval. The dotted orange trace is 
the mean pressure inside the balloon during all perturbed trials (all three conditions).  
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trend for a shorter latency in the condition without masking. This is similar to the 
situation at the perturbation onset, where the condition With Masking also had a shorter 
latency. 
 Figure A1.3 shows the mean participant fo traces in the offset period from the 
experiment measuring the vocal responses to auditory perturbations (Chapter 3).  The 
produced vocal response seen here is somewhat different from the vocal response seen in 
the laryngeal perturbation experiments. The fo trace starts above 0 cents before the 
perturbation offset, and once the perturbation is removed, fo decreases in a linear fashion 
towards baseline. Interestingly, the fo trace of the heard vocal response is much more 
analogous to the laryngeal perturbation response. This trace is included in the figure, 
because it is a representation of the combined perturbation and response signal. This 
signal begins below 0 before perturbation offset, and then rises above baseline following 
 
Figure A1.2: Mean-participant (n = 16) fo traces by condition (black = Control, blue = Without 
Masking, red = With Masking) at the offset of the laryngeal perturbation (Chapter 3). Shading 
indicates the 95% confidence interval. The dotted orange trace is the mean pressure inside the 
balloon during all perturbed trials (both conditions). 
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offset, eventually returning to baseline. Again, we hypothesize that this is a result of 
mechanisms engaged to raise pitch to compensate for the onset of perturbation, that are 
then creating a higher than baseline fo (in what was actually heard) once the perturbation 
is turned off.  
Finally, Figure A1.4 shows both the mean participant fo trace and the mean 
movement index plotted for the participants who completed the video laryngoscopy 
investigation (Chapter 3, supplementary material). In the 0.5s before perturbation offset, 
the movement index is holding steady at the position it moved to when the perturbation 
was applied. When the perturbation is removed, the movement index decreases, returning 
to nearly its baseline state. This change in movement index occurs at the same time as the 
fo trace increasing above 0 cents and then decreasing back towards 0 cents. This supports 
 
Figure A1.3: Mean-participant (n = 18) fo traces as produced (microphone) and heard through the 
earphones (i.e., fo produced plus the perturbation) for the control and shifted conditions (black 
and blue respectively) at the offset of the auditory perturbation (Chapter 3). Shading indicates the 
95% confidence interval. The dotted orange trace represents the level that fo was artificially 
shifted in the earphones during perturbed trials. 
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our hypothesis that the compensatory responses we are seeing to the perturbations (both 
onset and offset) are not related to movement index or elastic rebounds of the anatomy, 
but instead neurologically-mediated feedback control.  
 
 
 
 
 
 
 
 
Figure A1.4: Mean-participant (n = 5) laryngeal movement index (green line) aligned to the offset of 
the LDD inflation (vertical line) contrasted with the mean-participant fo trace (blue line) in the video 
laryngoscopy investigation (Chapter 3). In this figure, the perturbation is present during the period 0.5 
s before perturbation offset. Shading indicates 95% confidence interval. The orange trace represents 
the mean pressure inside the balloon during all perturbed trials (units not shown, but range from 0 to 
3.8 psi). 
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